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Diffusion and Molecular Sticking. Major Professor: Ronald 
L. Reisbig. 
Experimental values of heat flux ln dropwise condensa-
tion on a gold plated vertical copper surface were determined 
in presence and a.bsence of (or minute traces of) noncon-
densable gas. The noncondensable gas concentration varied 
from 0.0045% to 7.5% over a range of subcooling from 2.155 
to 17.l3°F and system pressure of 4.124 to 16.67 psla. The 
calculated heat transfer coefficient ranged from 1,545 to 
11,135 Btu/hr-ft 2 -°F. In the part of the experiment where 
precautions were taken to avoid the presence of noncondensable 
gas in the water vapor, much higher values of heat flux were 
observed. Values of heat transfer coefficient ranging from 
8190 to 35,591 Btu/hr-ft 2 -°F were obtained for a subcooling 
range of 0.7 to 8.69°F and pressure range of 2.86 to 17.20 
psia. By comparing these data with the data of other 
investigators, presence of minute traces of noncondensable 
gas of the order of 8 to 13 ppm was suggested. No comparison 
of results for 1% to 7.5% noncondensable gas concentration 
could be made because of the lack of available data. 
A diffusion based theoretical model was established and 
results of heat flux were obtained for a range of concentra-
tions varying from 3% to 20%. Conventional diffusion approach 
iii 
in a binary gas mixture was considered to find the rate of 
diffused water vapor molecules. A correlation was estab-
lished between condensation of the diffused molecules and 
evaporation of molecules from the liquid surface to determine 
the net rate of condensation. 
Diffusion layer thickness, active condensing surface 
area and the sticking coefficient were found to be the 
controlling parameters of the net rate of condensation. A 
diffusion layer very close to the surface of the liquid 
droplets was considered where all the concentration changes 
of water vapor and noncondensable gas were assumed to take 
place. The thickness of this layer was assumed to be some 
magnitude of the order of the mean free path of the water 
vapor. An expression for the partially active condensing 
surface area was formulated in terms of the degree of 
subcooling, concentration of noncondensable gas, condensing 
vapor pressure and saturation temperature. Sticking coeffi-
cient was assumed to be unity for the active surface area 
and less than unity for the partially active surface area. 
Good agreement between the theory and the experiment 
in general was observed and comparisons between the theory 
and the experiment were made for 3% and 5% noncondensable gas 
concentrations. A better agreement can be obtained with 
the knowledge of the exact behavior of the three controlling 
parameters discussed above. The proposed theory is appli-
cable only in presence of a significant amount of noncon-
densable gas and breaks down below the level of 1% 
lV 
concentration. The reduction of heat transfer because of 
the presence of minute traces of noncondensable gas may not 
be entirely due to the phenomenon of diffusion. 
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Dropwise condensation lS a phenomenon ln which a vapor 
condenses on a cold surface in the form of discrete drops. 
Sometimes the drops are formed simultaneously with a thin 
film of liquid~ which is known as mixed condensation. In 
this work, however~ the phenomenon of pure dropwise conden-
sation will be investigated from the heat transfer point of 
view. 
The commercial interest of dropwise condensation lies 
ln its potential for high rate heat transfer when compared 
to the more common filmwise condensation. Heat transfer in 
dropwise condensation depends upon many factors., basically 
the surface subcooling, noncondensable gas in the vapor~ 
pressure and temperature of the mixture of vapor and noncon-
densable gas and surface physics which control the nucleation 
rate. 
The effects of most of these factors have been dealt 
with by other investigators. Although the effect of noncon-
densable gas has been treated in general, specific attention 
has not been given to its relation with the heat transfer 
rate in dropwise condensation. 
The purpose of this work is to explore and formulate a 
specific connection between the presence of noncondensable 
gas in the vapor with the heat transfer behavior in dropwise 
condensation from the kinetic theory point of view. 
Dropwise condensation cannot be formed naturally on 
most chemically clean metallic surfaces (noble metals are 
2 
exceptions) . On these surfaces, vapor molecules are easily 
adsorbed every place on the surface. A liquid film is built 
up at a steady state which completely covers the surface, 
thus eliminating active nucleation sites. To assure drop-
wise condensation, the surface has to be coated with a non-
wetting agent. This coating will adhere to the metallic 
surface and will not allow the condensate to wet the surface. 
For use with water, the promoters typically used are waxy 
and greasy substances such as oleaic or stearic acid, mercap-
tans (benzyl) and various waxes and oils. Coatings of teflons 
or silicons are also good promoters. A considerably higher 
rate of condensation lS obtained by using noble metals as 
promoters. Noble metal coatings, an exception to the clean 
metal surface rule, are also found to last longer than other 
promoters. They have higher thermal conductivities than 
most of the conventional materials used as promoters. However, 
a suitable compromise has to be made between the cost of 
using noble metals commercially as promoters and the effici-
ency ln heat transfer obtained by them. In the experimental 
part of this work gold was used as a promoter on a copper 
surface and was found to produce excellent dropwise conden-
sation. 
The purpose of the promoter, as has been mentioned 
above, is to produce a nonwettable surface. On a promoter, 
the drops are formed in a completely random fashion. They 
do not originate on any specific section or spot on the 
promoted surface with respect to time. However smooth the 
3 
coating may be, no real surface lS completely free of mlcro-
scopic grooves, pits and other physical im p erfections. 
These pits and grooves as well as the small wetted spots 
provide pref erred condensation sites. Repeated drop growth 
at the same preferred site was reported by McCormick and 
Baer [6] and Reisbig [10]. 
Studies and investigations in recent times have conclu-
sively shown that dropwise condensation is a nucleation 
phenomenon. However, there are some controversies about the 
formation of the nucleation sites. Some investigators, 
Reference [5, 6, 7], have suggested that active sites of the 
drop formation are microscopic pits, scratches, and wettable 
solid particles. According to them a microscopically ''perfect" 
coating of the promoter will not produce any active nuclea-
tion sites. Another school of thought, Reference [10, 17], 
suggests that random nucleation sites are observed on a 
promoted surface completely smooth and free from any type of 
imperfection. On the surface, smooth from a macroscopic 
point of view but not microscopically perfect, nucleations 
take place on the so-called "pref"erred" nucleation sites. 
These in reality are simply cavities of a few microns in 
diameter. 
After nucleation, the drops grow by capturing vapor 
molecules directly at their surface. Vapor molecules are 
also adsorbed onto the base areas between the drops and then 
diffuse over the surface to the drops. Adjoining drops also 
coalesce due to capillary forces to form a larger drop. 
4 
Thus the condenser surface containing active sites lS exposed 
and the nucleation sized drops start growing again on the 
vacated sites. The process of capturing vapor molecules and 
coalescence lS continued till the drops are too heavy to stay 
in place on the vertical condenser surface and the roll-off 
process begins. 
exposed. 
More active nucleation sites are consequently 
It has been known for some time that the presence of 
noncondensable gas, even a small amount, has a pronounced 
effect on the heat transfer in dropwise condensation. Other 
investigators, Reference [27, 35], have shown experimentally 
that the heat flux is reduced considerably by mixing the 
vapor with a known quantity of noncondensable gas. This lS 
quite understandable because a certain portion of the 
mixture, the noncondensable gas, that strikes the condenser 
surface will not condense under the same circumstances as 
water vapor. Secondly, in the mixture of pure vapor and 
inert gas, the vapor has to move through the barrier of the 
noncondensable gas to come in contact with the surface, which 
quite naturally restricts the motion of the vapor. Since it 
is very difficult to make or to maintain a pure vapor for a 
long period of time, it is desirable to know a relationship 
between the noncondensable gas concentration and the heat 
flux. This relationship should cover a wide range of surface 
subcooling and pressures. However, no such comprehensive 
relationship exists at the moment which takes into account 
the mechanism of dropwise condensation, the amount of 
5 
noncondensable gas, and the heat flux. 
Whenever there 1s a significant amount of noncondensable 
gas in the system, the vapor has to diffuse through the gas 
to reach the condenser surface. Thus the rate of drop growth 
lS entirely controlled by the diffusion of vapor molecules to 
the drop surface. Out of these diffused vapor molecules, the 
ones that stick to the surface and are condensed account for 
the heat energy going into the surface. The vapor molecules 
that are released from the liquid phase 1n the form of evapo-
ration, account for the energy leaving the surface. The 
difference between these two forms of mass transfer gives the 
net heat transfer to the surface. Noncondensable gas also 
diffuses through the vapor and approaches the surface. Since 
none of the gas molecules has the ability to condense at the 
existing temperature and pressure of the water vapor, they 
diffuse back from the surface at the same rate. The resulting 
mean movement of molecules toward the condenser surface from 
a reference plane is, therefore, zero. A primary objective 
of this study is to find a mathematical formulation for the 
net mass flux of vapor by the diffusion controlled mechanism. 
Dropwise condensation, as opposed to filmwise conden-
sation, is a discontinuous phenomenon. The formation of 
discrete drops on the surface, and the eventual growth or 
collapse of the drops, cannot justifiably be explained by a 
laminar or turbulent boundary layer and free or forced 
convection theories a .s in the case of filmwise condensation. 
So the treatment of this discrete phenomenon from the kinetic 
theory point of v1ew 1s appropriate. 
Two frequently used terms in the kinetic theory are 
sticking coefficient and evaporation coefficient. The 
sticking coefficient is the fraction of the total molecules 
6 
that are condensed after striking the surface. This coeffi-
cient for water vapor condensing on a solid surface may be 
different from that on a liquid surface. The evaporation 
coefficient is that fraction of the liquid molecules in 
contact with the condensing surface capable of evaporating 
that actually do evaporate. Both the sticking and evaporation 
coefficients strongly influence the heat transfer toward the 
condensing surface. 
No theoretical correlation is conclusively established 
until it is verified by experimental evidence. For that 
purpose, an experimental technique to find the heat transfer 
in dropwise condensation has been employed. Water vapor was 
generated in a partially evacuated closed chamber at different 
pressures and temperatures and was allowed to condense on the 
gold plated surface of a copper test piece, the back side of 
which was being cooled by different cooling media. Tempera-
tures were precisely measured along the length of the copper 
test piece. From the temperature gradient, condenser surface 
temperature was determined by extrapolation and thereby the 
surface heat flux was calculated. For each set of data, a 
sample of the air-vapor mixture was extracted from the 
chamber and was then thoroughly cooled in a container of 
known volume immersed in a bath of acetone, liquid nitrogen 
7 
and dry ice. Pressures and temp eratures were recorded before 
and after the cooling process in the container. Necessary 
calculations were made to find the amount of noncondensable 
gas present in the sample which would give a representative 
picture of the noncondensable gas concentration in the chamber. 
These measurements and calculations were done for a wide range 
of surface subcooling. Thus an experimental correlation was 
established between the heat flux and the surface subcooling, 
noncondensable gas concentration, pressure, and temperature 
of the vapor. 
In an earlier part of the experiment, only the heat 
transfer measurements were taken for an extensive range of 
pressures and surface subcooling. No noncondensable gas mea-
surements were made for these sets of data. Precautions were 
taken to make the generated water vapor free from contamination 
as far as possible, either by extensive boiling or continuous 
venting or by both. 
Heat flux values were calculated for varlous degrees of 
surface subcooling, pressure, and temperature of the vapor. 
These data were compared with available data for other works, 
wherein the vapor was claimed to be pure or containing minute 
traces 9f noncondensables. 
A numerical procedure was developed for the proposed 
theoretical model. The calculated results for heat flux were 
compared with the experimental results for similar noncon-
densable gas concentrations and were found to be in reasonable 
agreement. 
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II. REVIEW OF LITERATURE 
A. Mechanism Theories 
Quite a wide variety of investigations have been made 
about dropwise condensation since its first systematic study 
by Schmidt et. al. [1]. An extensive array of papers about 
the different aspects of dropwise condensation have been 
reported and published since then. Most of these works have 
been reviewed and explored by other investigators dealing 
with this field. To avoid repetition, only a brief review 
of the past works about dropwise condensation in general will 
be made in this section. The emphasis here will be on the 
past work in recent years which has a close connection with 
the present study. 
Baer and McKelvey [5] proposed a mechanism of heat 
transfer in dropwise condensation. They proposed that heat 
is transferr~d primarily by conduction in a thin film between 
the visible drops, although some heat is transferred through 
the small drops existing on the surface. They showed, however, 
that very little heat is transferred through the large drops~ 
and that the introduction of a small amount of noncondensable 
gas reduced the heat transfer coefficient considerably. They 
concluded that the controlling variable of the heat transfer 
coefficient is the critical thickness at which the film 
between the drops becomes unstable. 
McCormick and Baer [6] suggested that the drops are 
nucleated on randomly arranged active sites. They proposed 
9 
that heat is transferred after nucleation by conduction through 
numerous very small drops. From their experimental results~ 
they indicated that the area between the small drops is not 
covered with a relatively thick liquid film through which 
heat may be transferred. They also said that diffusion is 
the controlling mechanism for both the drop growth and the 
subsequent heat transfer when large amounts of nonconderrsable 
gases are in the system. 
Westwater nicely summarized the existing ideas about 
the mechanism of dropwise condensation in his paper [7]. He 
confirmed that the dropwise condensation is a nucleation 
phenomenon. The drops grow by the direct capture of vapor 
molecules and by adsorbing the vapor molecules existing in 
the bare areas between the drops. He also proposed that the v 
heat transfer coefficient is a strong function of the distri-
bution of nucleation sites, as has been later discussed by 
other investigators. 
Sugawara and Katsuta [8] 1n their work on dropwise 
condensation concluded that the heat transfer takes place 
through the film formed in the bare area between the drops 
and the tiny droplets. They went along with the film fracture 
speculation of Jacob [2] 1n which the film, after reaching a 
certain critical thickness, becomes unstable and fractures 
into tiny droplets. 
Le Fevre and Rose [9] presented a new theory of heat 
transfer by dropwise condensation in the absence of noncon-
densable gases. They considered the heat transfer arising 
from condensation on a single drop and by means of an 
assumed distribution of drop sizes predicted the mean heat 
transfer rate for the whole surface. They proposed that 
the three dominant factors for heat transfer through a 
single drop are (a) surface tension effect, (b) interphase 
matter-transfer pressure drop and (c) conduction in the 
liquid. 
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Reisbig [10] reduced the past mechanism theories into 
two schools ofthought; firstly, Jacob's film fracture 
concept and secondly, the drop nucleation concept originated 
by Eucken [3] and supported by Emmons [4]. The Eucken -
Emmons concept was widely accepted as the basic foundation ~ 
of drop growth. Reisbig extended the idea of investigating 
what is happening in a single drop. He proposed a kinetic 
theory approach to develop a heat transfer expression for 
dropwise condensation for the entire surface which would 
cover all the controlling parameters. His drop mechanism 
theory proposed that the drops nucleate at random as well 
as on preferred condensation sites which are located on 
active bare condenser surfaces. He suggested that most of 
the heat is transferred through randomly located nucleation 
sized drops. His idea of drop growth is similar to that of 
Westwater [7]. He considered only the case of dropwise 
condensation of pure vapor. 
McCormick and Baer [11] proposed a little different 
theory of dropwise condensation. Through their analysis, 
they indicated that heat is transferred through active areas 
ll 
on the c o n d enser s urface which are continually produced by 
numerous drop coalescenses. These areas remain active only 
for a short constant cycle time. They asserted that numerous 
submicroscopic drops grow from randomly distributed sites. 
They concluded that heat is transferred by conduction through 
the growing drops and the heat transfer cycle ends when 
coalescense occurred. They also pointed ·out that on the aver-
age, 25% of the condensing surface was active at any time. 
Later Umur and Griffith [12] totally opposed Jacob's 
film fracture idea by concluding from their novel experiment 
that the area between the drops does not have a liquid film 
greater than a monolayer in thickness. They also concluded 
that nearly all the energy transferred to the cooling surface 
is transferred through drops, although some is transferred 
through the area between the drops. However, their ideas~ 
which required the presence of preferred drop nucleation sites 
of wetted pits and grooves in the condenser surface, did not 
agree with the photographic observations of Reisbig [10]. 
Nijaguna and Abdelmissih [13] put forward an idea that 
the substrate thermal properties are a first order variable 
in the precoalescence drop growth stage in dropwise conden-
sation. Their model predicts different drop growth rates on 
different condensing surface materials, other factors 
remaining the same. 
Through their experimental investigation~ Hurst and 
Olson [14] concluded that all the heat is transferred 
through a droplet by conduction. From both their analytical 
12 
and experimental results, they indicated the existence of an 
area of very high heat transfer along the droplet perimeter 
and the importance of the condensing wall as a heat diffusing ~ 
mechanism in dropwise condensation. 
Welch [15] followed the earlier concept of film fracture 
by Jacob. From his experiments he concluded that the steam 
initially condenses on the bare condensing surface in a thin 
layer which grows to a critical thickness. It then instanta-
neously fractures and the liquid rolls into droplets. The 
droplets grow primarily by collision with one another, thus 
exposing a bare surface where the process is repeated. He 
also assumed that heat is primarily transferred through the 
bare area and the subsequent thin film. 
Ruckenstein and Metiu [16] had the same ideas about drop 
mechanism as Welch's for large undercoolings. For small 
undercoolings, they suggested, the condensation surface has 
only a few active centers on which drops are formed. Their 
paper contained an analysis of the critical film thickness 
before fracture. 
Reisbig and Lay [17] proposed a nucleation theory for 
the entire condensing surface. They proposed that a smooth 
surface nucleates drops in a random fashion. They considered 
the potential energy difference between n liquid molecules in 
an n-sized drop and n molecules 1n the vapor phase, and then 
maximizing this energy difference, they found the critical 
number of molecules in a drop of critical size radius. 
They assumed the drops containing the critical number of 
13 
molecules to be the condensation nuc lei. Then, considering 
a distribution function which is a function of both time and 
drop size, quasi-equilibrium s tate and a Maxwellian type drop 
slze distribution, they found an expression for the nucleation 
rate. Since thi s expression has been derived on the basis 
of equilibrium between the vapor and the liquid, this really 
gives a good estimate of the nucleation rate for a small 
degree of subcooling only. They also had new ideas about 
the nucleation sites, differing from the ideas of Umur and 
Griffith [12]. 
So far our discussion was mostly centered around the 
mechanism of dropwise condensation proposed by different 
investigators. It is clear that the film fracture concept 
originally proposed by Jacob and supported by many later 
works, has given way to the more recent ideas about the 
random nucleation of drops. From these nucleation-sized 
drops, the drops grow by capturing vapor molecules directly 
as well as by diffusion of the vapor molecules absorbed in 
the bare surfaces between the drops. 
The ideas of active and inactive nucleation sites on the 
condenser surface were introduced, although there are some 
controversies about the growth of nucleation sites on the 
surface. Most of the recent works have shown that the heat 
transfer takes place primarily through the numerous nucleation 
sized drops .. 
The idea of conduction through the droplet put forward by 
several investigators has not been unanimously accepted to 
14 
date. The hemispherical shape of growing drops has been 
established, Reference [5, 6, 9, 10, 12, 14]. 
B. Effect of Noncondensable Gas 
In this part of the literature review, the effect of 
noncondensable gas on both laminar film condensation and 
dropwise condensation will be discussed and their input to 
. ---
the present work will be observed. Later some experimental 
techniques by other workers in the measurement of heat transfer 
in dropwise condensation will be presented, and their effects 
on the present experimental work will be discussed. 
Votta and Walker [18] produced filmwise condensation of 
water vapor using air, carbon dioxide and helium as noncon-
densable gases in separate experiments. These were conducted 
1n a single-tube vertical condenser at atmospheric pressure. 
They assumed that there exists a resistance between the bulk 
of the mixture and the condensate surface of such magnitude 
as to indicate that the transfer of heat and mass through it 
occurs by very slow processes, such as pure conduction and 
molecular diffusion. Because of the presence of the noncon-
densable gas in the mixture, they assumed an additional 
resistance in the layer of the condensate separating the 
gas-vapor mixture and the tube wall. To account for this 
added resistance, they used an equivalent temperature method 
which is a slight modification over Colburn and Hougen's 
empirical correlation [19]. 
Sparrow and Eckert [ 2 0] . carried out a boundary layer 
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analysis of laminar film condensation on a vertical plate and 
studied the effect of noncondensable gases. Their analysis 
showed that the presence of a few percent of noncondensable 
gases in the bulk of the vapor causes a great reduction ln 
the surface heat transfer. However, the effect of free 
convection, not included in this analysis, plays an important 
role when the noncondensable gases are present. 
Sparrow and Lin [21] devised a method for predicting the 
film condensation heat transfer in the presence of a noncon-
densable gas by considering the liquid boundary layer and the 
vapor-gas boundary layer separately with appropriate boundary 
conditions. Numerical results. were obtained for steam, with 
air as the noncondensable gas, and were then reported graphi-
cally. From their analysis they observed that a very small 
amount of noncondensable gas in the bulk of the vapor causes 
a large build up of the noncondensables at the liquid-vapor 
interface. This consequently reduces the partial pressure of 
the vapor at the interface. This in turn, they concluded, 
lowers the temperature at which the vapor condenses, and 
diminishes the effective thermal driving force. Their 
predictions of the analysis agree reasonably well with their 
heat transfer measurements. 
Minkowcyz and Sparrow [22] made quite an extensive analysis 
of the effect of noncondensable gas in heat transfer in laminar 
film condensation on an isothermal vertical plate with a 
steam-air mixture. Analytical heat transfer results were 
obtained for a wide range of parameters including the bulk 
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concentration of the noncondensable . gas, system pressure 
level, wall to bulk temperature difference, and degree of 
superheating. It has been shown, for instance, than even a 
0.5% bulk mass fraction of the alr in the mixture reduced the 
heat transfer by 50% or more. The influence of the noncon-
densable gas was accentuated at low-pressure levels. Diffu-
sional resistance of the gas-vapor boundary layer was the 
prime cause for the reduction in heat transfer. The inter-
facial resistance was proposed to be a second order effect. 
Sparrow et al. [23] explored analytically the effect of 
a noncondensable gas concentration ln a forced convection 
laminar boundary layer flow. Similarity differential equations 
were found both numerically and by an integral method. It 
was shown that the effect of noncondensable gas on a forced 
convection flow was much less sensitive than that in a gravity 
flow. 
Kroger et al. [24], by filmwise condensing potassium vapor 
on a vertical condenser surface in presence of various total 
amounts of argon or helium as noncondensable gases, showed 
that the rate of condensation was governed by ordinary mole-
cular diffusion equations, the effect of thermal diffusion 
being negligible. 
Sadek [25] ran experiments 1n a direct-contact conden-
sation system in which steam, containing var1ous amounts of 
air, was condensed onto a flowing stream of cool water. The 
rates of condensation were measured and from the experimental 
data, mass transfer coefficients were calculated. These 
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c oefficients agreed wit h boundary la y er theory a s developed 
for mass transfer t o a moving f lat plate with suc tion. 
In a recent paper, Al-Diwani and Rose [26] made heat 
transfer measurements for film condensation of steam on a 
vertical plane sur f ace 1n the presence o f air, argon, neon 
and helium, under free c onvection conditions. Their results 
indicate greater reductions in heat transfer, for given non-
condensing gas concentrations , than suggested by earlier 
reports. Their physical measurements also agree satisfac-
torily with recent boundary layer analysis. 
Tanner et al. [27] reported the measurement s of steam-
side heat transfer coefficients during the dropwise conden-
sation of steam on copper surface promoted by montan wax and 
dioctadecyl disulphide at low steam pressures of 0.8 to 3 
inches of mercury. The noncondensable gas concentration was 
varied between l and 15,000 ppm. At low noncondensable gas 
concentrations the steam side heat transfer coefficients 
varied between 10,000 and 28,000 Btu I hr- ft 2 -°F over the 
steam pressure ranges studied. This would indicate that the 
sticking coefficient for water was at least 0.1. 
C. Kinetic Theory Approach 
As has been stated before, unlike f ilmwise condensation, 
dropwise condensation is a discontinuous process. The transi-
tion stage between the liquid and the vapor in dropwise 
condensation cannot be explained by the boundary layer 
analysis of the liquid stage and the liquid-vapor stage as 
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was done in the case of filmwise c ondensation. A discrete 
type of analysis is required to explain the phenomenon of 
dropwise condensation. Kinetic theory is a powerful tool 
in this respect. 
From the kinetic theory point of view, Shankar [28] 
has made an excellent contribution toward finding an expression 
for the steady condensation to or from a liquid droplet 
suspended in a mixture of its vapor and an inert gas. He used 
a Maxwellian moment method with Lee's techniques [29] for 
the distribution functions. He obtained a result valid 
through the whole range from free molecules to a continuum. 
His formula for the mass and energy flux can be used to 
calculate the growth rate of very small droplets, under a 
wide range of conditions. One obvious limitation of his 
solution in regard to the present problem is that it will 
not be valid for condensation on a solid surface. 
Based on his previous solution, Shankar and Marble [30] 
proposed a solution for the transient condensation at a plane 
surface but only for pure vapor. 
Following the moment method of solution by Shankar [28], 
Haas and Springer [31] found the mass transfer through a 
binary monatomic gas mixture between two plane parallel surfaces 
with one component stationary. Their formula, however, was 
limited to small temperature and pressure changes. 
The importance of the sticking coefficient has been 
explored by quite a few investigators. Mortensen and Eyring 
[32] obtained the sticking coefficient for a flat surface from 
the point of view of the kinetic theory to be the ratio of 
the rotation partition functions of a molecule in the gas 
and in the bulk liquid. 
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Later Okuyama and Zung [33] modified Mortensen and 
Eyring's expression to be applicable for the molecules conden-
sing on the surface of a drop, by a factor termed the "size 
coefficient." It was expressed in terms of the droplet 
radius, the absolute temperature, other characteristic vari-
ables of the liquid phase and the gas-liquid interface. 
Nabavian and Bromley [34] expressed the sticking coeffi-
cient in terms of the Hertz-Knudsen condensation coefficient 
and obtained a range of values between 0.35 and 1.0. 
D. Experimental Techniques 
With respect to the physical measurements of heat transfer 
in dropwise condensation, Tanner et al. [35, 36] provided 
much experimental information about the effects of steam 
velocity, noncondensable gas concentration, and surface 
chemistry. However, they did not show any specific correla-
tion of the noncondensable gas concentrations with their 
observed heat flux values. 
Some of the ideas for the experimental techniques 1n 
the present work have been collected from a paper by Le 
Fevre and Rose [37] in which they pointed out their ability 
to make more accurate physical measurements than preceding 
studies. From their observed high values of heat transfer, 
they asserted the presence of no noncondensable gas in their 
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chamber, without any measurement. 
Later, 1n a similar experiment, Citakoglu and Rose [38] 
took special precautions to obviate the effects of noncon-
densing gas. They indicated that the gas concentrations 
which remained in the steam after prolonged boiling might be 
eliminated by local venting through carefully positioning the 
vents and controlling the rate of venting. This is again 
questionable s1nce no particular measurements of the noncon-
densable gas concentration were made. 
Wilmshurst and Rose [39] followed a similar experimental 
techniques to that of Le Fevre and Rose [37] but with a 
different promoter and a modified temperature measurement 
device along the test piece. Their observations produced 
similar results as those of Le Fevre and Rose [37] and 
Citakoglu and Rose [38]. 
Experiments of dropwise condensation of steam for sub-
atmospheric and above-atmospheric pressures and at elevated 
pressures were reported by Brown and Thomas [40], O'Bara 
et al. [LJ.l] and Dolloff et al. [ 4 2] . Brown and Thomas [L+ 0] 
90ncluded that the dropwise condensation heat transfer coeffi-
cient is lower with decreasing pressure, especially below 4 
inches of mercury. The present experimental work was performed 
over a wide range of pressures. The results for heat flux will 
be compared with these works in the appropriate section. 
From this review of the past research work, it can 
justif~ably be concluded that to date no specific correlation 
between the heat flux and the noncondensable gas concentration 
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covering a drop _ growth mechanism has been proposed. From the 
experimental point of view, heat flux measurements are required 
with different degrees of noncondensable gas concentration, 
vapor pressure and temperature over a wide range of subcooling. 
An effort has been made in this study to formulate an 
explicit relationship between the heat flux and the noncon-
densable gas concentration for a wide range of subcooling and 
pressures and to verify the analytical formula with experi-
mental results. The formulation is based on a diffusion 
controlled kinetic theory. 
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III. PHYSICAL FORMULATION OF THE PROBLEM 
The transport of one constituent of a fluid solution 
from a region of higher concentration to a region of lower 
concentration lS called mass transfer. The mechanism of 
mass transfer and heat transfer is analogous. Heat is 
transferred in the direction of decreasing temperature; 
mass is transferred ln a direction of decreasing concentra-
tion. The rates of both heat and mass transfer depend on 
a driving potential and a resistance. 
Molecular diffusion is a mass transfer process analagous 
to the conduction heat transfer ln a solid. Mass transfer 
through molecular diffusion may occur in a stagnant fluid 
or a fluid in laminar flow. 
In a binary gas mixture, one component has to diffuse 
through the other component to have a net mass transfer. In 
this experiment there is a mixture of water vapor and air, 
which is the noncondensable gas in the chamber. The conden-
sing surface is located at one end of the chamber where the 
condensation takes place. In this case, water vapor must 
diffuse through the bulk of the gas phase to reach the 
condensing surface. The process of diffusion is most likely 
to take place in a thin layer very near the liquid surface. 
For convenience, the water vapor will be called gas 
component A and air gas component B, Figure (1). Since gas 
A has to diffuse through the apparently stationary gas B to 
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Figure 1. Partial Pressure Gradients in the Diffusion 
of Water Vapor through Air. 
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for A in the direction of diffusion. But ln a continuous 
gas phase, the total pressure must remain constant through-
out the gas. Thus a gradient .for gas A will cause a gradient 
fo~ gas B in the opposite direction. This gradient will 
force diffusion of gas B away from the surface. 
Since gas B is not being produced at the interface 
even though it is diffusing away from the surface, some 
other mechanism must supply gas B to maintain a constant 
concentration of gas B at the sur f ace. A bulk flow of gas 
toward the . surface replenishes gas B which is diffusing. 
Naturally, the bulk flow will contain both A and B. The 
presence of A in the bulk flow will effectively increase the 
rate of transfer of A toward the surface. 
Not all of these diffused vapor molecules that strike 
the condenser surface are adsorbed. Because of the changing 
cycles of the drop growth and collapse, different portions 
of the condenser surface adsorb vapor molecules at different 
rates. 
On some portions of the surface, nucleation proce s ses 
have started and the drop growth is taking place by the 
capture of the impinging vapor molecules. The rest of the 
condensing surface can be assumed to be bare (although a 
film of monomolecular thickness may exist between the 
visible drops) and is, therefore, most favorable for the 
adsorbtion of the vapor molecules. This bare surface, 
because· of its suitability to. start new nucleation processes, 
can be called the most active nucleation site area and the 
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liquid drop surface as the partially active nucleation site 
area. 
The sticking coefficient can be defined as the fraction 
of the total number of molecules which strike the surface 
that stick and are condensed. On the bare metallic surface, 
if a sufficient amount of subcooling is present (at least 
0.05°F according to Reference [10]), the sticking coefficient 
may be assumed to be unity or very close to one. On the 
drop surface, however, this coefficient is less than unity. 
Some of the impinging molecules that strike the liquid drops 
are absorbed and thus assist in drop growth process. Some 
other molecules on striking the surface bounce off immed-
ately. Other molecules strike the surface and adhere but as 
a result of the thermal agitation evaporate and return to 
the vapor state again. So only a part of the vapor mole-
cules that strike the liquid drop surface are captured by 
the growing drops and thus contribute indirectly to the 
heat transfer toward the surface. 
It has, however, already been concluded by other 
investigators, Reference [7, 9, lO, ll], that the majority 
of heat is transferred through the nucleation sized drops. 
Thus, compared to the bare metallic surface where the 
nucleation process has just started by the oncoming vapor 
molecules, the larger liquid drop surfaces make a smaller 
contribution to the heat transfer for the entire surface. 
The existing drops on the surface can be put in two 
classes; firstly, the drops which have just grown from 
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nucleation sized drops and are growing further by capturing 
vapor molecule s only, and secondly, the drops which have 
already grown for some time by vapor capture and are now 
growing by coalescence with the adjoining drops until they 
become heavy and a roll-off process begins. 
The first kind of drops are still active in heat transfer 
because the new vapor molecules are captured and condensed 
and thus give up heat energy during the process of conden-
sation. For the second kind, adjoining drops coalesce to 
form a larger drop. But these drops contribute little 
toward the process of heat transfer because they have 
reduced energy potential. They have already given up the 
heat of condensation during their earlier stage of growth 
and their surface rapidly approaches the vapor temperature. 
Hence to account for the heat transfer throughout the 
liquid drop surface, an overall sticking coefficient for 
the liquid, o 2 , may be used. o 2 may be less than one because 
of the phenomenon of reflection and evaporation from the 
liquid surface. The sticking coefficient for the bare surface 
will be called ob. 
The liquid surface emits vapor molecules with a certain 
distribution and with the knowledge of this distribution 
function, the number of molecules in the liquid phase capable 
of evaporating can be found. Only a small portion of these 
molecules actually evaporate from the liquid surface and the 
fraction of these molecules capable of evaporating that do 
actually evaporate can be called s, the evaporation coefficient. 
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£ is a function of drop radius, temperature, and pressure 
of the saturated vapor. Under equilibrium conditions, i.e., 
when the number of molecules entering the liquid surface and 
the number leaving the liquid surface are equal, the evapo-
ration coefficient and the sticking coefficient are equal, 
l.e. £ = 0£. 
Both 0 and s can be related with the drop growth radius. 
According to Reisbig [10] and Lee and Sears [43], the criti-
cal drop radius can be expressed as, 
2 y vf 
rc = 
RT£ ln p /P. ou ln 
A drop of radius r c would be ln equilibrium with its 
vapor at the pressure of P 
ou 
Equilibrium will be very 
unstable since the evaporation of a few molecules from a r 
c 
sized drop would cause the radius to decrease. Consequently, 
the drop vapor pressure P will increase thereby causing 
ou 
the drop to continue evaporating. 
On the other hand, if a few molecules of vapor should 
condense, the radius r would increase. Thus P0 u would 
decrease and the drop would continue to grow. With the 
increase of the drop radius, however, the potential for 
condensation decreases and the evaporation probability 
increases. When r becomes indefinitely large (i.e. when 
c 
the drops collapse), the drop just acts as a reservoir of 
liquid. At this limiting value of r , no net condensation 
c 
takes place and hence 0£ approaches zero. The evaporation 
coefficient s is maximum at this point. On the other limit, 
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when r goes to zero, no drops are formed at all and the rate 
c 
of condensation (and therefore o~) goes to zero. Since no 
liquid drops are formed, no liquid surface exists on the 
condenser surface. Hence no evaporation occurs from the 
liquid surface and £ goes to .zero. 
Visualization of the active nucleation sites on the 
condensing surface may be in order. At the beginning of 
condensation, the whole condensing surface is bare and suitable 
for nucleation. Nucleation, on a smoothly promoted condensing 
surface, starts with a random distribution. As the nucleation 
proceeds, more and more surface becomes covered with liquid 
droplets and less surface becomes available for active nuclea-
tion. With the continuation of the process, liquid drops grow 
by capturing vapor molecules initially, and later by coalescence 
with the adjoining molecules until they become heavy. At this 
point the drops start rolling down the surface due to gravity, 
forming a vertical bare strip that is approximately the width 
of the maximum sized drop. The roll-off strip is completely 
cleared of drops thus allowing the surface to be exposed for 
fresh nucleation. On a time scale these nucleation sized 
drops can be assumed to be first stage drops. 
Over the entire condensing surface, the nucleation sized 
drops have been formed at different instants of time. Hence, 
at any particular instant of time, the drops over the surface 
have different stages of growth. These stages can be called 
the second, third, fourth, and so on up to the nth stage 
of growth where the roll-off process occurs. 
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The life-cycle of these different sized drops has a 
cumulative eEfect on the total nucleation rate. After an 
initial period of instability fro~ the starting of the 
drop counting proc~ss, a pattern of the nucleation and 
growth i s formed for the entire surface. This is dependent 
on the maximum number of drop sizes possible for the parti-
cular condensing surface. This pattern of growth repeats 
itself at regular intervals. It is reasonable to assume 
that the transition effects have died out and an effective 
steady state condition is reached. The effects of the 
different drop sizes can be smoothed out and a reasonable 
average value for the active nucleation area along the 
time scale can be ascertained. This average value is the 
active area of nucleation for steady state heat transfer. 
After a steady state has been reached, consideration 
of the entire surface no longer is necessary. Attention 
can be focussed on a vertical strip of the s urface that i s 
approximately as wide as the maximum sized drops that start 
the roll-off process. This strip can be considered the 
representative section o£ the entire condensing surface. 
In this strip, the drops nucleate with a random distribution, 
grow initially by capturing vapor moJ_ecules and later by 
merging with the adjoining liquid drops due to capillary 
forces. This process is continued until the roll-off 
process starts again. 
"F£gure .(2) illustrates the transient and the steady 












0.0 ...._ _____________ .~...-
Time 




surface has the maxlmum nucleation potential at the beginning 
of the process. The mean value of the nucleation area is 
maintained after that. Reference can be made about the 
photographic experiments of Reisbig [lO] which verifies the 
proposed pattern of nucleation. 
It is evident from Figure (2) that the active area of 
nucleation can be represented suitably by some sort of a 
step function which decays with cycle time to a certain low 
value and then jumps back to its peak value. The cycle time 
will certainly be a function of the degree of subcooling and 
surface inclination. 
The last two parameters, however, can be accommodated 
ln the subcooling factor, once a steady growth pattern is 
established. For a given surface, the active area can be 
considered also to be functions of saturated water vapor 
pressure and temperature and noncondensable gas concentration, 
if it is present, in the vapor. An expression for the 
partially active area, F, in terms of the above-mentioned 
parameters is proposed in the next chapter. 
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IV. MATHEMATICAL FORMULATION OF THE PROBLEM 
A. Mass Transfer Through Diffus~on 
A mathematical formulation of the physical model 
described previously will be discussed ln this section. 
With reference to Figure (3), imagine two gases, water vapor 
and air, diffusing through each other in a direction parallel 
to the x-axis, the motion being the same at all points in a 
plane perpendicular to the x-axis. As before, let the water 
vapor be termed gas A and the air gas B. The following 
basic assumptions will be invoked in this kinetic theory 
treatment of the problem: 
1. Gases A and B are assumed to obey the same molecular 
model as a perfect gas. 
2. Molecular equilibrium with respect to time exists, 
i.e., dN/dt = 0. 
3. The distribution of the velocities of the two species 
of molecules may be considered Maxwellian. 
4. Molecules of the gases are assumed to be perfect 
elastic spheres on the basis of which an expression 
for the mean free path of either of the gases in 
the mixture is developed. 
5. The arrangement of the gases lS isotropic 1n a 
layer perpendicular to the x-axis. 
6. As the temperature is constant throughout the gases, 
the most probable speeds of A and B molecules 
V and V will be different as a result of 
rnA mB 







Figure 3. Schematic of Gas A Diffusing through Gas B. 
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equipartition of energy. 
7. There exists a mean mass velocity of the gas A 
in the direction of diffusion which is denoted 
As a result, the number of molecules having components 
along the various axes is different. Out of N molecules of 
type A, (N/V /1T) [exp (-v 2/V 2 ) J dv will have velocities 
rnA rnA 
between v and v + dv and CN/V fi) [exp C-w 2 /V 2) J dw 
rnA rnA 
between w and w + dw, but (N/V /TI) [exp C-Cu - u0)2/Vm 2)] 
rnA A 
molecules will have velocities between u and u + du owing to 
the component u 0 . The total velocity u can be composed of 
the mass velocity u 0 and the translational velocity u- u 0 . 
Since Maxwell's law applies to the translational velocities 
only, the velocity u - u 0 must be included. The sign of the 
whole expression is immaterial, since the term is squared. 
The number of molecules having velocity components 
between u and u + du, v and v + dv and w and w + dw simul-
taneously, is then, 
-((u - u ) 2+ v 2 + w2 ) 




At a point shown 1n Figure (3), where the mole fraction 
of A 1s c, there will be c times the number of A molecules 
with velocities lying within the limits specified above. 
The total number of molecules which will pass through an 
elemental differential area dy dz in a time dt will be 
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obtained by integrating from -~ to +~ for the v and w 
components and from 0 to ~ for the u component if only the 
transfer from left to right is regarded. However, for the 
net transfer, the integration should be carried out from 
-~ to +~ for the u component as well. 
The total number of A molecules crossing dy dz ln the 
plane x = x 0 as indicated in Figure (3) in time dt is given 
by, 
N dt dy dz 
v 3 7T3/2 IDA J~ J~ J~ c u exp -~ -~ -~ 
-(u-ua)2+v2 [ v 2 +w2 ]du dv dw 
The above express1on will not vanish for two reasons; 
firstly, because of the component of the streaming velocity 
u 0 , and secondly, because c has different values on two 
sides of the yz plane. Now the molecules which pass through 
the area dy dz are only those that had their last collision 
a free path away. So only those molecules which started 
anew from a collision L away will pass through dy dz. Thus 
c will be chosen in such a way that it will correspond to 
the scene of the last impact. If the molecular path makes 
an angle with the x axis, this distance will be L cos e 
from x
0
• For a steady state and knowing that the gradient 
of A molecules decreases with x, it can be written c = c 0 -
tdc/dx) 0 L cos e. Another assumption can be made comparing 
Hence, 
exp (-(u-u0 )
2 /VmA 2 ) = (l+2uu0 /vmA 2 ) exp (-u 2 /VmA 2 ) 




With these substitutions, the expression for the net number 
of A molecules crossing unit area in time dt ls, 
N dt 
-oo -oo -oo 
2uuo 2 2 
u (1 + y--2) exp [-(u + v 2 + w2 )/VmA ]du dv dw 
rnA 
Following the procedures of Loeb [44], the above 
expression can be transformed into polar coordinates to 
yield (see Appendix E), 
V 3 e xp [ - v 2 IV 2 ] d V 
rnA 
In the above integral expression, if L is assumed to be 
independent of V (which will be modified later), the inte-
gration leads to the net number of A molecules crossing the 
dy dz plane in the direction of the gradient as, 
-N dt [c 0 u 0 - l/3 (dc/dx) 0 VA LA] (1) 
In a similar manner, the expression for the noncon-
densable gas B molecules diffusing from the right side of 
the dy dz plane can be found to be, 
The concentration of B molecules in equation (2) lS 
obviously given by (l-c 0 ). Also the plus sign comes from 
the fact that the concentration of B molecules increases 
with x. 
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Since the total pressure ln the chamber must remain 
constant~ the molecular density must remaln constant every-
where. Hence the total number of molecules crosslng the 
plane dy dz must be zero. Thus, adding Equation (1) with 
Equation (2) and equating the sum to equal zero, the 
expression for u 0 is found to be, 
( 3) 
By substitution of Equation (3) into Equation (1), 
the unknown term u 0 can be eliminated. This yields a 
result for the number of A molecules crossing the dy dz 
plane in unit time as~ 
The above expresslon lS ln terms of the mole fractions of 
A molecules, the concentration gradient, the free paths and 
the average velocities of A and B molecules. 
Equation (4) is a similar expression to Meyer's [45] 
equation which was derived in 1899. However, the actual 
value of Meyer's expression was 3/8 times the expression 
for Equation (4), and took into account the molecules as 
elastic spheres. 
The first limitation for Equation (4) lS the assumption 
that L is the same for all velocities. But actually L must 
be replaced by Lv and taken under the integration sign. 
38 
Hence instead of L ln the final result, we have 2 where 
0 
Joo Lv v3 exp C-V 2/V 2 ) dV 
- ·oo mA 
2 = = LVV I v 0 Joo y2 (-V2/ v 2 ) dV exp 
..... oo mA 
This value was calculated by Jean [46] to be 1.051 for self-
diffusion. For interdiffusion of a gas of a gas consisting of 
two kinds of molecules, the expression of 2 leads to compli-
o 
cated integrals, the values of which are yet to be computed, 
Reference [44]. Hence no modification for LA or LB is made 
in the present formulation. 
The mean free path in a gas composed of molecules of dif-
ferent kinds can be obtained by dividing the average speed V 
by the mean number of collisions per second which is averaged 
over all molecules. The deduction is made by computing the 
average value of the collision frequency for molecules moving 
with a Maxwellian distribution and then dividing by V, below. 
The free path of a molecule of dA in a gaseous mixture 
of A molecules of diameter dA and B molecules of diameter dB 
has to be computed. The number of molecular encounters r 1 
of an A molecule with A and B molecules is obtained by dividing 
the average velocity by LA' the mean free path of A molecule 
in the mixture. 
If NA is the molecular density of A molecules then the 
number of collisions of A molecules with its own kind is 
If the molecular density 
of B molecules is NB' then the number of coll.isions of A mole-
cules with B molecules is VA I LAB = VA dA NB/VA 2+VB.2/ VA 
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where LAB is the mean free path of A molecules movlng along 
V molecules and is given by Reference [44] to be LAB = 
1 I [n dA 2 NB IV 2 + V 2 I VA]. 
A B 
Similarly, LBA i.e. the mean free path of B molecules 
movlng in A molecules is given by Reference [44] as LBA = 
1 I [TI dB2 NA lv z + V 2 I VB] 
A B 
Thus, the number of impacts per second of the NA mole-
cules will be, 
rl = 12 TI NA VA dA 2 + TI dA 2 NB 1- 2 VB 2 VA + 
Since LA = VA I r 1 ' 
11cn 2 2 LA = TI NA d + TI NB dB lv 2+V 21V ( 5 ) A A B A 
Similarly the mean free path LB of the B molecules will be, 
VA and VB are obtained from Lee et a1. [54] as follows, 
VA= 12.55 kT I rnA 
v8 = /2.55 kT I m8 
Another factor which has been eliminated from the 
( 7 ) 
( 8 ) 
derivation of Equation (4) is the persistence of velocities 
as described by Jeans [46]. When a molecule arrives at the 
plane x = x ln a given direction, the expectation of the 
0 
~ di~tance it has travelled ln that direction is not L but 
kL, where k = 1 I (1-8). In this expression of k, 8 is the 
persistence of velocities at a collision between two molecules 
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of equal mass, of which the value was found by Jeans [46] 
to be 0.406. Thus the expectation of the molecule belonging 
to one gas or the other is not that appropriate to a distance 
L but to a distance kL and the effect of persistence 1s 
therefore to multiply the diffusion coefficient by a factor 
of k. 
Jeans [46] has calculated the effect of the persistence 
of velocities both for the cases when the masses in the 
mixture are equal and when they are unequal. 
When the molecules are equal, the expectation of the 
distance a molecule travels will be increased by persistence 
from L to~ 
L + 8L + 8 2 L + 8 3 L + • = L I ( 1-8) 
When the molecules are of unequal mass, the persistence, 
however, will be different at different collisions and 
instead of the above expression, it will be of the form, 
L + pL + pqL 2 + pqrL 2 + • 
where p, q, r, . are the different persistences at the 
various collisions. If the motion of a molecule of mass 
rnA in a mixture of molecules of masses rnA, mB mixed 1n 
the proportion NA/NB is considered, then of the quantities 
p, q~ r, . a certain proportion, say B, will have an 
average value of 8 = 0.406, representing collisions with 
other molecules of the first kind, while the remainder, a 
proportion 1 - B of the whole, will have an average value 
which is denoted by eAB' this being the persistence for a 
molecule of the first kind colliding with a molecule of the 
second kind. Following this procedure, expressions for 
mean free paths similar to those of Equations (5) and (6) 
are derived by Jeans [46] and are given as, 
LA = l / [(l-8) /2 TI NA dA 2 
m 
+ (l-8AB) TI NA SAB 2 l1+mA/mB] (9) 




In the above formulas e 1s always 0.406; the value of 
8 depends on the ratio of the two masses. eAB has been 
found to be of the form, 
( ll) 
where a is a small positive number, depending on the ratio 
of the masses. a is the average component of velocity of 
one molecule VA along its initial direction after impact, 
for all values of the velocity VA and VB. Dividing this 
average component by the initial velocity VA, the average 
expectation (a/VA)e of a velocity after collision is obtained. 
From the table below, it can be seen how (a/VA)e varies with 
the ratio of VA/VB. 
VA 
= 4 2 1 l/2 l 2/3 l/2 l/4 0 VB 00 
( .~A. ) e= . 50 0 .492 .473 .441 .400 .368 .354 .339 . 3 3 3 
'Is l/4 l/2 2/3 l l l/2 2 4 VA = 0 
00 
Table l. Values of Persistence for Equal Masses 
42 
The average persistence, (a/VA)e' or e f or equal mass 
ln a molecular collision under a Maxwellian distribution lS 
0.406. For elastic sphere s of different mass, it can be 
written, 
(12) 
where (a/VA)m is the expectation with a mass mA of velocity 
VA colliding with a mass mB of velocity VB, and (a/VA)e is 
the expectation for equal masses given before. It should 
be noted that equations (ll) and (12) are identical. By 
equating Equations (ll) and (12), aAB is found to be 
a AB = [ 2 ( a IV A) e - l ] (13) 
A series of average values of (a/V A) mfor different 
values of the ratio mB/mA in a gas is given below. It is 
clear that under these conditions VA and VB are also functions 
Hence (a/VA)e can be expressed in terms of 
the values of the ratio mB/mA corresponding to VA/VB. 
~ 0 .10 .20 . 50 l 2 5 10 00 mA 
a 
.333 .335 . 3 39 .360 .406 .452 .491 .498 .500 <v)e A 
a 
<v)m l.O .897 .779 .573 .406 .243 .152 . 08 6 .000 A 
Table 2 . Values of Persistence for Different Masses 
It should be noted, however, that 8AB lS quite different 
from 9BA and so will be aAB from a 8 A. aAB and aBA can be 
computed from the preceeding tables and forumlas. On 
substitution of all these values, a ratio of the coefficient 
of diffusion of gas B into A is found to be 
(14) 
As can be seen from the preceeding table, since the 
extreme values for a are 0 and 1/3, the greatest range 
possible for the ratio of DAB I DBA = 4/3 with the modified 
expressions for the mean free path, Equations (9) and (10), 
equation (4) takes the following form. 
= l/3 N (dc/dx) 
0 
(15) 
The above equation predicts the rate at which A mole-
cules are being diffused into B molecules toward a decreasing 
concentration gradient per unit time per unit area. This 
can also be suitably used to determine the rate at which the 
diffused water vapor molecules strike the condensing surface 
provided the concentration gradient dc/dx near the surface 
is known. 
It is appropriate to assume that during the process of 
dropwise condensation, diffusional resistance ls encountered 
very near the surface of the liquid droplet. This conclu-
sion was drawn by Griffith [47] ln his summary of dropwise 
condensation. Hence a diffusional layer of thickness o 
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from the condensing surface can be considered where most of 
the concentration changes of the binary mixture of A and B 
gas occur. As shown in Figure (4), the concentration of 




at the condensing 
surface in the diffusion layer 8 whereas the concentration 
of B molecules goes up from cB
1 
to c 82 at the condensing 
surface, since B is diffusing in the opposite direction. 
Beyond this diffusion layer o in the bulk of A and B, the 
concentration of either of the gases is assumed to remain 
essentially unchanged. 
The magnitude of the diffusion layer is important to 
the analysis. From the kinetic theory point of view, it is 
justified to assume it to be of some order of magnitude as 
the mean free path of A molecules, i.e. LA . The magnitude 
m 
of o will be determined later by arguments related to the 
physics of the condensation process. It is obvious, however, 
that the value of dc/dx at the condensing surface will be 
very high since the magnitude of the mean free path of A 
or B varies from 10- 6 to 10- 8 foot. 
It is interesting to observe the values of Equation (15) 
in the limiting conditions when either gas A or B is absent 
in the mixture. 
and (1 - c ) = 1. 
0 
In the absence of A in the mixture c = 0, 
0 




Similarly 1n the absence of B 1n the mixture, the self-
diffusion of A 1n A is given by 
(17) 
The second subscript in the above two expressions indi-
cates the particular constituent of the mixture. 
At a first glance, it seems apparent from the two 
limiting expressions, Equations (16) and (17), that the 
presence of the terms containing the component of the 
mixture which is totally absent in the limit is unjustified. 
However, in the absence of one component there is no neces-
sity of retaining the subscripts, and Equations (16) and (17) 
become similar; only the magnitudes of different parameters 
vary. The expression of mean free path LA or L8 in an one-
component system becomes different, see Loeb [44]. 
B. Evaporation from the Liquid Surface 
Following the procedure of Loeb [44], it is now possible 
to deduce the law of evaporation from a liquid surface. Kine-
tic theory permits the derivation of the law in a manner giving 
a mechanical picture of the process. 
A surface of liquid is assumed to be in contact with its 
vapor. Condensation is taking place on the surface. The 
following basic assumptions are made in this formulation: 
l. The vapor is assumed to obey the same molecular 
model as a perfect gas. 
2. Maxwell's distribution law holds for the molecules 
of the liquid as well as for the gas. 
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3.* The molecules are all alike and the volumes of the 
molecules can be rieglected. 
4 ·'· ~ In the transition layer between the homogeneous gas 
and the homogeneous liquid, a continuous variation 
of density between the two phases is assumed. 
5. As a result of the forces at the surfaces such as 
Laplace or Van der Waals, molecules in the transition 
layer will experience a force which restricts the 
evaporating molecules and draws in condensing ones. 
The x-axis is assumed to be normal to the surface and the 
velocity component along the axis called u. For the mole-
cules starting from below the surface layer upward, the number 
of molecules with a velocity between u and u + du is then 
given by Maxwell's distribution law as 
(18) 
In the above equation, N~ represents the number of 
molecules per unit volume of the liquid phase. Now the mole-
cules that escape from the liquid surface have to do work 
against the surface forces. Also, as they expand from the 
specific volume of the liquid phase to that of the gaseous 
phase, in escaping they must do work against the Van der 
Waals' (a/v 2 ) forces. These work terms may be combined 
into a single term which is equivalent to saying that ln 
escaping from the surface, the molecules lost as much 
kinetic energy, on the average, as did the condensing 
*An explanation of these assumptions in presence of 
noncondensable gas is presented on page 49. 
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molecules gain. Therefore, they lost on the average an 
energy 1/2 m1 s
2
, where s 1s the escape velocity. 
this 1/2 m1s
2 is nothing but the latent heat of evaporation 
for one molecule. 
Only the molecules having speeds greater than the s 
will be able to escape. Thus the number of molecules of 




vm liT Ji 
-u 2 I u e 
(19) 
In the above expression~ V- will be given by Vm = 
ml 2 
However, out of these Ne molecules that are capable 
of escaping, only a small fraction actually evaporate. If 
the evaporation coefficient of the liquid is termed E, then 
the actual number of molecules that evaporate is given by 
But 
(20) 
Equation (19) can be written 1n terms of T1 as follows: 
N = e 
1/2 
(21) 
Hf I I No g lb mole 
48 
where N is the Avagadro constant. 
0 
Thus on substitution 
of the above, Equation (21) takes the form 
( 2 2) 
C. Correlation of Condensation and Evaporation on 
the Surface 
With knowledge of the rate of condensation and evapo-
ration from the condensing surface, the net rate of mole-
cules that are responsible for the heat transfer towards 
the surface can be determined. Multiplying this number 
by the heat of vaporization, and the mass per molecule, 
will yield the value of the surface heat flux. 
At any instant of time, if F is the fraction of the 
total surface covered with adsorbed molecules, then (1 - F) 
is that fraction which is able to receive molecules. In 
other words, F is the fractional inactive nucleation area 
while (l - F) represents the active areas ready for fresh 
nucleation. 
If rnA is the mass of one vapor molecule then the mass 
of the molecules sticking on the liquid surface of the con-
genser is given by 
( 2 3) 
The mass of the vapor sticking on the bare solid 




Assuming the sticking probability on the solid surface 
to be unity, the above equation can be approximated as 
(24) 
The mass of the liquid that is evaporating from the 
liquid surface on the condenser is given by 
(25) 
where mA is the mass of a liquid molecule at the existing 
liquid condition. 
If hfg represents the heat of vaporization per mole-
cule, then the net rate of heat transfer towards the surface 
is obtained by multiplying hfg with Equations [(23) + (24) 
- (25)], or 
(26) 
Equation (26) represents the value of the heat flux 
towards the condenser surface correlating the phenomenon of 
diffusion of A molecules through B molecules and evaporation 
from the liquid surface on the condenser. Two apparent errors 
were existent in this formulation. One was ignoring the 
effect of noncondensable gas in the process of evaporation. 
The other error was the cooling effect created by the noncon-
densable gas near the condensing surface which might have 
had an effect on the net heat flux. 
Noncondensable gas has the greatest concentration near 
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the surface of the liquid droplets from where the evaporation 
takes place. This must counteract the evaporation process. 
But if the noncondensable gas concentration in the bulk is 
small compared to the water vapor concentration, the number 
of water vapor molecules, even near the liquid surface, will 
be larger than the number of noncondensable gas molecules 
and hence, the error will not be significant. 
However, in the case of large noncondensable gas concen-
tration, a great number of molecules around the liquid drop-
lets will be those of noncondensable gas and hence the 
assumption that all the molecules near the liquid vapor 
transition layer are alike will not be true. While the 
mass of an air molecule is 1.61 times that of a water mole-
cule, its diameter is .82 times as large. Hence any change 
in the collision pattern because of increased mass of air 
molecules will probably be opposed by the decreased diameter 
of the air molecules. Therefore, the error caused by the 
assumption of the alikeness of all molecules around the 
liquid droplets will not be great. Any small error can also 
be incorporated in the evaporation coefficient, c. 
The second error that should be recognized here 
ignoring of the cooling effect of noncondensable gas 
ls the 
near 
the condensing surface. Some heat transfer between the 
condensing surface and the noncondensable gas will take 
place because of the movement of noncondensables in free 
convection. However, compared to the heat of vaporization 
given up by water vapor molecules during condensation 
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(approximately 970 Btu/lbm at standard atmospheric pressure) 
the heat transfer by the noncondensables must be small, 
since the specific heat of air is .24 at constant pressure 
and .17 Btu/lbm-°F at constant volume. In the experiment, 
fluctuations in the recorded temperatures of the test piece 
were observed when significant amounts of alr were intro-
duced in the chamber. This was probably caused by the 
convection currents set up by the air molecules near the 
condenser surface. 
The physics of Equation (26) lS illustrated ln Figure 
(5). All terms in Equation (26) can be computed except F, 
o and ~. Discussion about the probable values of a and E 
has been made in Chapters III and VII. A proposed expres-
sion for F, within the reasonable limits of the physical 
phenomenon, follows. 
For a particular surface subcooling, F will perhaps be 
a function of the cycle time between the nucleation and the 
roll-off. However, since the degree of subcooling strongly 
affects the rate of condensation, it also controls the 
cycle time for a given surface at a particular orientation. 
F can be considered an inverse exponential function of 
the degree of subcooling. 
Since values of heat flux are somewhat affected by the 
condensing vapor pressure, Reference [40, 41], it is proper 
to assume that F is some function of saturated water vapor 
pressure and increases exponentially with the increase of 
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53 
this effect may not be a first order one. 
Presence of noncondensable gas, even in minute traces, 
hinders the process of condensation. Hence it is surmised 
that the noncondensable gas offers a resistence in the 
formation of the droplets and counteracts the growth rate 
of the nucleation process on the surface. This effect 
progressively increases with increase of noncondensable gas 
in the mixture. It seems logical that F decays exponentially 
with the noncondensable gas concentration. 
Combining all these parameters, an expression of F of 
the following form lS hereby proposed. 
f (c) 
F = exp - [ ------------





An expression of similar nature for pure vapor was formulated 
by Reisbig [10, 17]. The degree of subcooling and the satu-
ration pressure have been made dimensionless with respect to 
the saturation temperature and atmospheric pressure respec-
tively. cl and c2 are two constants so chosen as to produce 
a rational pattern for F. The expression suggests that at 
the two extreme values of ~T, zero and infinity, F takes the 
respective values of zero and unity, which is realistic 
behavior. f(c) is a function of the noncondensable gas 
concentration and is to be determined with reference to a 
particular concentration. The validity of the expression of 
F in terms of the dependent parameters will be discussed in 
Chapter VII. 
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V. EXPERIMENTAL SET-UP 
Dropwise condensation test of the heat transfer from 
saturated and partially saturated water vapor to a gold plated 
vertical copper surface was performed. Experiments were 
conducted in two parts over two separate time periods. In the 
first span of the experiment~ only the heat transfer measure-
rnents were made. In the second part of the experiment noncon-
densable gas concentrations were also evaluated. 
During both parts of the tests the state of the steam, 
the temperature of the condenser surface and the rate of 
steam condensation were evaluated. The experiment was con-
ducted in such a way that the state of the steam in the 
chamber could be held constant while the temperature of the 
condenser surface was changed. 
In the second part of the experiment~ during each test 
a portion of the steam was extracted from the chamber into a 
noncondensable gas measuring device. The extracted fluid 
(a mixture of pure water vapor and noncondensable gas, i.e. 
air) was allowed to cool 1n a fixed volume container to a 
temperature where the vapor pressure of the water became 
negligible. The state of the mixture in the container just 
before cooling and after cooling was recorded. The state of 
the mixture ln the container before the entry of the extracted 
mixture was noted as well. 
From th~se test measurements, the amount of noncondensable 
gas present in the extracted sample was calculated. This 
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sample was considered to be representative of the test 
chamber. A quantitative relationship was thus established 
between the heat flux data, the measured temperature differ-
ence between the steam and the condenser surface and the 
concentration gradient of the noncondensable gas 1n the 
mixture. Arrangement of the experimental set-up is illus-
trated 1n the photographs in Figures (6 to 10). A schematic 
of the arrangement is given in Figure (11). A detailed 
description of the equipment follows. 
A. Test Chamber 
The main part of the equipment was the test chamber 
which 1s indicated by the dotted line in Figure (11). Several 
views of the completed test chamber assembly are also shown 
in Figures (6, 7, 8, and 9). The test chamber was made by 
one 4" x 4" cross and one 4" x 4" tee Pyrex glass pipe. The 
open ends of the tee and cross were covered by brass end 
plates, Figure (12), which were fastened by bolts to the 
chamber flanges. During the experimental runs, the test 
chamber was completely covered by asbestos cloth lagging. 
A pressure-vacuum guage, marked C in Figure (11) (30" 
vacuum to 60 psi pressure range) was connected on the top 
flange of the cross. Another pressure tap for a more accu-
rate measurement was taken from the flange. It was connected 
with a mercury manometer (0- 30" of mercury range), labelled 
A in Figure (11). The mercury manometer was used for 
recording the total pressure of the mixture in the chamber. 
For temperature measurement, one 3 mil teflon coated 
Figure 6. General Arrangement of the Experimental Set-up. c.n 
m 
Figure 7. Side View of the Test Chamber Assembly Showing the 
Connection Between the Test Chamber and the Noncon-
sable Gas Measuring Devices. (Jl 
-...J 
Figure 8. Front View of the Test 
Chamber Assembly. 
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Figure 9. Back View of the Test Chamber 
Assembly Showing the Manually 
Operated Vent Tube Valves and 
a Partial View of the Cooling 
Water Tank. 
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copper-constantan thermocouple (wire Slze 0.01" ln diameter) 
was inserted through the top flange and was placed in the 
central plane of the top outlet of the cross. For compara-
tive purposes, a thermometer, Din Figure (11), was also 
inserted in the chamber through the top flanges. 
Two 1/4" I. D. copper vent tubes were used; one was 
placed 1/2" and the other 7" from the condensing surface. 
The vent tubes were taken out through the end plate opposite 
the test surface and were then joined to a single l/4" I.D. 
copper tube. This copper tube was connected to a 4 liter 
straight-necked Pyrex glass flask through a rubber stopper 
via a spiral copper condenser. The Pyrex glass flask, 
marked N in Figure (11), served the purpose of a vapor trap 
and the condensate accumulator. The spiral copper condenser, 
labelled Lin Figure (11), was kept submerged in a 18" x 
12" x 9" cooling tank made of styrofoam, Figure (9), and 
marked Min Figure (11). 
A continuous flow of cold water was maintained to the 
cooling tank by syphoning out the water by two flexible 
plastic tubes and supplying the appropriate water from the 
laboratory cold water tap. The outlet of the Pyrex flask 
was connected through a short flexible hose and a copper 
tube to a Cenco vacuum pump, 0 in Figure (11). This vacuum 
pump had sufficient capacity to create the necessary pressures 
in the chamber for the test conditions. Two manually opera-
ted valves were located on the vent tubes just outside the 
end plates to control the rate of venting in the particular 
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vent tube, indicated by G and H in Figure (ll). 
Distilled water was supplied to the chamber through an 
overhead glass flask, shown in Figure (ll) as J. For the 
initial filling of the chamber, water was continuously poured 
in the overhead glass flask and the chamber was kept open 
during the period. The flask was kept filled at all times 
and the valve was regulated occasionally to supply make-up 
water. 
Heating was done by an electrical heater and a bunsen 
burner placed right below the bottom leg of the tee, shown 
as X andY in Figure (ll). The bunsen burner was surrounded 
by sheet metal pieces so that most of the flame was concen-
trated to heat the bottom end of the tee. 
The electric heater was made by winding ten feet of 
nichrome resistance wire around a l/4" O.D. x lO" long alum-
inium oxide ceramic tubing. The resistance of the wire was 
approximately measured to be 6 ohms per linear foot. The 
winding was then wrapped with two rows of high temperature 
insulating tape and the whole assembly was inserted in a 
passage drilled to accommodate theheater in the side end 
of the tee. A voltage control power regulator was used to 
control this heater. Both end plates of the tee had protru-
sions of 2" diameter copper, Figure (13), made from the same 
specimens of bar as the test piece, extending 6" inside the 
tee and were thus completely submerged in the water. Heating 
was done by pure conduction through high purity copper 
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End Plate for the Heating Assembly. 
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avoided. This was an advantage over the use of immersion 
heaters by Le Febre and Rose [38]. The condenser test piece 
and the cooling chamber assembly, marked Bin Figure (11), 
were housed in the test chamber and their descriptions 
follow. 
B. Test Piece 
The condenser was made of high purity copper 99.99% pure 
with traces of silicon and tin. It was made in two halves 
so that the mating faces were in a vertical plane normal to 
the flow of heat. The insulation around the test piece was 
made in such a way that the flow of heat from the steam side 
to the coolant side of the test piece can be assumed to be 
unidirectional. Hence each section along the test piece 1s 
an isothermal plane and the plane of contact of the two 
halves is normal to the isothermal surfaces. Therefore the 
imperfections of contact offer no resistance to heat transfer. 
The test piece was 2 1/2" long, l 3/4" square on the 
steam side and 2" square on the coolant side, Figure (14). 
The test piece had to be tapered to facilitate a better 
fitting in the insulation of the housing. The test piece 
was made long enough to produce a measureable temperature 
gradient between the steam side and the coolant side. 
Along the center plane of the condenser block, l/4" 
square grooves were accurately machined parallel to the 
steam and coolant faces for the insertion of the thermo-



















insulation) teflon coated copper-constantan thermocouple 
wires of 0.01" wire diameter were used for this purpose. 
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Each thermocouple was inserted in a 2" long brass tube the 
bore of which was just large enough to allow the thermocouple 
bead (roughly 0.03" in diameter) which was exposed through an 
opening in the center of the tube. The ends of the thermo-
couple were exited through the open ends of the brass tubes. 
The brass tubes were then laid along the square grooves 
1n such a way that the top of the head of each thermocouple 
was in the plane of the test piece. The remaining portions 
of the grooves were thoroughly filled with soft solder, 
allowing accurate location of the thermocouple beads. Only 
the thermocouple beads in each of the grooves were left 
exposed so that a proper contact could be made with the 
mating face of the other half. 
The precise measurements of the locations of the thermo-
couples were made by means of a Unitron travelling microscope. 
The arrangement and the positions of the thermocouples are 
illustrated in Figure (14). A thin film of solder was laid 
on the mating faces of the test piece and the two faces were 
then fused securely together so that the condensing surface 
became l 3/4" square and the edges of the two halves properly 
matched. 
The condensing surface was prepared by polishing and 
then washing with cleansing agents. The surface was succes-
sively polished on a wheel with 280, 400, and 600 grit silicon 
carbide. It was then hand polished with 3/0 and 4/0 emery 
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paper and subsequently with cloth and water. The surface was 
then chemically cleaned by submerging it in baths. of trichlor-
oethylene, acetone and methanol, in that order. In each 
bath, the test pie6e was submerged for a period of 30 minutes. 
The process was repeated several times after which the 
surface was ready for a coating with a permanent promoter. 
To produce dropwise condensation, a thin film of gold (8 
micron thickness) was electroplated on the chemically clean 
surface. This procedure produced excellent dropwise conden-
sation and random distribution of drops was observed on the 
apparently smooth and homogeneous gold plated surface. No 
significant deterioration of the surface was observed during 
the entire length of the experiment (roughly 400 hours) 
and for a total time period of about eighteen months. 
C. Cooling Chamber Assembly 
A cooling chamber with an inlet and an outlet manifold 
was constructed. The end plate of the stem of the chamber 
was perforated so that the cooling medium, air or water, 
could come through. An end plate, Figure (15), which 
covered one end of the test chamber was welded to the outer 
body of the cooling chamber. The perforated end of the 
cooling chamber stem was just below this end plate. The 2" 
diameter opening of the end plate was covered by a thin 
sheet-metal copper piece which was soldered to both the 
condenser block and the cooling chamber housing. The test 
piece was thus securely fastened and in good thermal communi-
cation with the cooling chamber. When the cooling medium 
8, II /32" dia. Holes 
vn.- .37511 
2•• Square 
~~·· .25 11 
Material: Brass 
Figure 15. End Plate for the Cooling Chamber Assembly. 
-.....J 
0 
was circulated, the back side of the test p1ece was cooled 
by conduction through the 1/32" sheet copper piece. 
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A 2 1/2" I.D. x 5 l/4" O.D~x l/2" thickness nylon washer 
was then snugly fitted in the 5 1/4" diameter groove of the 
end plate. A 1/8" diameter hole was drilled in the side of 
the nylon washer through which the thermocouple beads were 
taken out and connected with the proper measuring devices. 
The top of the nylon washer and the bottom of the test piece 
housing, Figure (16), were then thoroughly smeared with sili-
con rubber and after properly aligning the edges, were clamped 
at three places. 
After a period of 48 hours, a solid connection between 
the washer and the housing was assured. In that position, 
the gold plated condenser surface was in the same plane as 
the top edge of the housing, Figure (17). The empty space 
between the test piece and the housing was completely filled 
by plastic and was then allowed to stand for a period of 
seven days for a complete curing. After the curing period, 
the top edge of the housing, plastic packing and the condenser 
surface were all in the same plane. This provided a good 
insulation all around the test piece and insured a unidirec-
tional heat flux. The complete cooling chamber assembly was 
connected to the test chamber by fastening bolts between the 
end plate and the test piece chamber flange. The 4" outside 
diameter portion of the housing was fitted inside the test 
chamber. 
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D. Noncondensable Measuring Device 
A portion of the mixture of steam and noncondensable 
gas was removed from th~ test chamber by opening the valve I, 
Figure (ll), into a constant volume container, a sketch of 
which is given in Figure (18). A valve, Q in Figure (ll), was 
located just above the container to open or shut off the flow 
of mixture into the container. Another 3/8" bore copper tube 
was taken through the lid and connected to a thermocouple 
vacuum guage (0- 2,000 microns range), marked R in Figure 
(11), with a thick-walled rubber hose. The thermocouple 
guage was used to measure the low pressure created in this 
container. One copper-constantan thermocouple of 0.01" 
wire diameter was inserted through a 1/16" hole at the top. 
The other ends of the thermocouple were connected to a 
terminal board. A small 1/8" pipe plug was located at the 
bottom of the container through which the condensate was 
allowed to come out at the end of each test run. The lid 
and the body of the container was made of 1/8" thick commer-
cial grade steel. 
The container was placed in a 9" I.D. stainless steel 
dewer, labelled Tin Figure (11). During the process of 
cooling the dewer was filled with acetone and liquid nitrogen 
and packed with dry ice, the temperature of which was recorded 
to be as low as -ll4°F. Coolant was removed from the box by 
means of a syphoning arrangement. The container was connected 
to the tee-joint by means of a flexible rubber hose to allow 
for vertical movement of the container. 
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The other end of the tee-joint, bypassing the constant 
volume container, was connected to a 4 liter Pyrex glass 
flask, as shown by U in Figure (11), through a rubber stopper 
in its mouth. The outlet of the flask ~as connected to a 
vacuum pump. The pump, labelled V in Figure (ll), had a 
capacity of removing 25 liters of _ gas per minute at a speed 
of 600 rpm. The Pyrex glass flask served as the liquid trap 
for the pump. This vacuum pump was found to produce a 
pressure of 10- 2 torr in the container. 
For the measurement of the temperatures in the test 
piece and chamber, a Leeds and Northrop millivolt potentia-
meter was used. Connections were made from the terminal 
boards to a Leeds and Northrup Rotary Selector Switch which 
assigned the recordings of a particular thermocouple. For 
convenience, only one ice-bath reference junction was used 
for all thermocouples. An error analysis which includes 
thermocouples calibration is presented in the appendix. 
All the joints and the connections were sealed by 
silicon rubber, vacuum grease and gaskets wherever necessary. 
Silicon rubber was found to be particularly advantageous for 
sealing because it retains its mobility for some time aftP.r 
the intial application. After the joints and connections 
were properly tightened, the vacuum pumps were turned on. 
Silicon rubber was applied generously to locales allowing the 
suction of the pump to draw material into the hole. After 
a few days of curing time, satisfactory sealing was made. 
The chamber was considered to be sealed when it would hold a 
pressure of 28" of mercury for seven days without showing 
a measurable change. 
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VI. EXPERIMENTAL TECHNIQUES 
Experimental procedure will be described 1n reference 
to the schematic of the set-up shown in Figure (11). Experi-
ments were performed in two parts; in the first part of the 
experiment, no attempt was made to measure the nonconden-
sable gas concentration in the steam chamber. The generated 
steam was kept as free from contamination as possible. Only 
the heat transfer measurements were made in this part. In 
the second part of the experiment, arbitrary amounts of a1r 
were drawn in the chamber for each test run. Heat transfer 
measurements and the noncondensable gas concentration 
measurements were taken for each set. Following is the 
general operational procecures for both parts of the experi-
ment. 
Initally all the valves in the system were completely 
shut and the overhead glass flask J was filled with distilled 
water. The supply of the coolant and later the syphoning 
arrangements in the cooling box M were turned on. The 
reservoir was completely clean of any water droplets or 
foreign elements, and was placed in the cooling box. The 
vacuum pump 0 was turned on. After five minutes, the valves 
G and H were fully open and the air was taken out of the 
test chamber. After about 10 minutes, when a satisfactory 
vacuum was established, the feed water valved K was turned 
on and water was forced in the chamber by gravity and 
suction. Water was continuously poured in the water 
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reservolr until the water level in the test chamber reached 
just below the bottom edge of the 1 3/4" square condensing 
surface. The feed water valve K was then closed. Vent 
tube valves G and H were kept open so that the dissolved 
gas in the water was drawn out of the test chamber. After 
30 minutes of operation, the valves G and H were shut of f 
and the test chamber was isolated from the vacuum system. 
The mercury manometer A indicated the vacuum to be 28" to 
29" in the test chamber. 
Both the electric heater and the bunsen burner, X and 
Y, were then turned on for steam generation in the chamber. 
In about 10 to 15 minutes, the vapor was seen to form in the 
chamber and the pressure began to rise. The chamber pressure 
was allowed to rise to 10" of mercury above the atmospheric 
pressure. At this position a continuous rate of boiling 
was observed and distinct dropwise condensation was formed 
on the gold plated condensing surface. 
In this part of the experiment, no cooling medium was 
circulated behind the test piece. Thus the cooling chamber 
B was exposed to ambient air conditions. Under these circum-
stances, the rate of condensation was expected to be small 
and the condensing surface temperature was expected to be 
very close to the temperature of the steam in the chamber. 
One of the vent tubes valves H was then fully opened. 
The chamber was immediately connected to the vacuum system, 
the chamber pressure dropped and vigorous boiling was 
observed. For the sake of convenience, the vent tube which 
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was closer to the surface, marked E, will be referred to 
here as the surface vent. 
be called the outer vent. 
The other vent, marked F, will 
The valve H was kept open until 
the pressure in the chamber was brought to a desired level. 
The valve G was then carefully manipulated until no drastic 
changes in the chamber pressure was observed. At times, 
controlling valve H alone was insufficient, and the pressure 
tube valve G was also operated to stabilize the chamber 
pressure. The electric heater and the bunsen burner were 
also regulated to control the minor fluctuations of chamber 
pressure. Thus by controlling either or both of the vent 
valves G and H and in association with the electric heater 
and bunsen burner, a steady pressure was obtained in the 
chamber. 
Since the primary purpose of this experiment was to 
record data for steady state condensation, another state 
condition that had to be controlled was the temperature. 
The chamber thermocouple T1 was connected to the potenti-
ometer and recordings were noted at intervals of 15 minutes. 
Minor fluctuations of the temperature with time were observed. 
This was controlled by carefully regulating the bunsen 
burner flame in such a way that the existing chamber pressure 
was not affected. After about four or five readings of the 
chamber temperature T 7 , no significant fluctuation in 
reading was observed. Then the readings of the six thermo-
couples in the test piece, numbered T 1 to T 6 , with the 
subscript 1 indicating the one closest to the condensing 
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surface, were observed over a period of 30 minutes. They 
were, in most of the runs, found to be constant over this 
period of time. If not, more time was allowed for the fluc-
tuations to subside. A steady state was reached in the 
chamber and the system was ready for the final taking of 
the data for that run. 
During this pressure and temperature stabilizing 
process, the feed water valve K was kept slightly open to 
supply make-up water in the chamber. The water was main-
tained just below the bottom edge of the condensing 
surface. 
The vented steam was taken through the copper tube to 
the copper condenser L in the cooling box. This was in 
direct contact with cold water. The resulting condensate 
was then collected in the reservoir N from which it was 
emptied from time to time. 
After reaching a steady state, the readings of the 
seven thermocouples from T 1 to T 7 , the manometer, and the 
pressure-vacuum guage were recorded. An approximate esti-
mate of the chamber temperature was obtained from the 
thermometer reading. Ambient pressure and temperature 
were also recorded from a barometer in the laboratory. 
The above procedures were repeated when air and labora-
tory tap water was circulated behind the test piece as 
coolants. There were provisions for controlling the rate of 
flow of both air and water. 
In the first part of the experiment no measurements 
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were IIlClde for the noncondensable gas concentrations. In the 
second part of the experiment, for every run, arbitrary 
amounts of air was introduced in the chamber through the 
feed water valve K before the start of the boiling. The 
same procedures were repeated for the heat transfer measure-
ments as were done in the first part. After the heat 
transfer measurements were taken, t .he following additional 
procedures were performed to compute the noncondensable gas 
concentrations. 
The valves I and Q were closed, the container S was 
completely drained of liquid and the vacuum pump V was 
turned on. After five minutes, the valve Q connecting 
to the container was fully open and the air inside the 
container was being removed. After 15 minutes of continuous 
operation of the pump, a high vacuum of the order of a few 
microns was reached. The valve Q was then shut and the 
vacuum pump V was turned off. The temperature T. and 
l 
pressure Pi of the gas inside the container S was then 
recorded. The thermocouple tube guage, marked R, was used 
to record the low pressure because it had sufficient range 
for this purpose. With knowledge of the volume of the 
constant volume container, the initial mass M . of the ga s 
al 
was computed. The valve I was then turned on to allow a 
portion of the mixture of water vapor and the nonc ondensable 
gas to come to the line of the noncondensable gas measuring 
device. The valve Q was then opened for a few seconds to 
allo~ the mixture to enter the container. Both valves I 
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and Q were then shut off. The pressure P and temperature T 
of the mixture was recorded after allowing time for the 
readings to stabilize. 
Again, using the equations of state and Dalton's law 
of partial pressures, the mass of air and water vapor in the 
container could be computed. For that, however, the mass 
of air extracted in the container along with the vapor had 
to be known beforehand. To determine the mass of the air, 
the followi~g steps were taken. 
Acetone and liquid nitrogen were poured in the stainless 
steel dewer T in sufficient quantities to submerge the 
container S in the coolant. The mixture of acetone and 
liquid nitrogen produced a sufficiently low temperature 
cooling bath to condense thoroughly all the water vapor ln 
the container. Dry ice was then packed in the remaining 
portion of the dewer and around the neck and exposed portion 
of the container. This gave a uniformity of the low tempera-
ture bath (approximately -ll4°F to -85°F) over a period of 
1 to 2 hours. 
After a waiting period of 30 minutes the container T 
and the pressure P of the gas present in the container, 
mainly the noncondensable gas, were recorded. At that low 
temperature, it was reasonable to assume that the condensed 
water had a small vapor pressure (2 microns at -93.5°F) and 
contained very little volume compared to the noncondensable 
gas. Thus using t .he equation of state for perfect gas, the 
amount of noncondensable gas Ma present in the container 
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was found. The difference (Ma - Mai) was the amount of 
noncondensable gas present in the mixture drawn from the 
test chamber. Therefore, the ratio (Ma - Mai) I (Mav + Ma 
- Mai) is the amount of noncondensable gas concentration in 
the sample, where M 
av 
is the mass of the extracted water 
vapor drawn in the container. A detailed description of the 
method of the noncondensable gas measurements has been 
presented in Appendix C. 
The remaining cooling bath solution was then syphoned 
from the dewer T and placed in the appropriate container. 
The constant volume container S was then lifted and the 
bottom plug removed to allow the condensate to drain out. 
After replacing the plug, the condenser was placed in the 
cooling box. Sufficient time was allowed for the traces of 
coolant still remaining in the cooling box to dry so as not 
to affect the data of the next run. 
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VII. RESULTS AND DISCUSSION 
Experimental heat transfer results were obtained in 
this study for different air concentrations in water vapor. 
The concentrations ranged from 0.0045% to 7.5%. The heat 
transfer measurements were made in the range of pressures 
from 2.86 psia to 17.20 psia and subcooling from 0.7°F to 
l7.13°F. Based on the diffusion based kinetic theory model, 
theoretical calculations were also made for various noncon-
densable air concentrations from 3% to 20%. 
In this section, the results of heat transfer in the 
presence of noncondensables will be discussed first, the 
behavior and characteristics of the kinetic theory model 
will be treated next, and finally the results are presented 
for heat transfer in the absence of noncondensable gas (or 
in the presence of only minute traces). 
Figure (19) shows the experimental results of heat 
flux as a function of the degree of subcooling for varlous 
amounts of air in the vapor. Figure (19) also shows that 
the heat flux decreases as the air concentrations lncrease, 
and as ~T gets larger, the heat flux increases. 
Several data points are shown in Figure (19) that did 
not belong to a single array large enough to draw a curve. 
For example, 3% concentration curve is made of points for 
concentrations of 3.21, 3.30, and two values of 2.89 per 
cent. It was impossible to keep the air concentration at 
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Figure l9. Experimental Variations of Heat Flux with 




introduced arbitrarily at the start of a test. 
These points are included for comparative purposes as 
well as to demonstrate the rational behavior of the experi-
mental apparatus. The slope of the curves is established 
by the larger arrays of data. Lines are drawn through the 
single data points with the same slope as the data curves 
for the larger arrays. The general behavior of the data 
leads one to believe that all the isoconcentration curves 
may have the same slope. 
The diffusion based theoretical model was used to 
calculate the heat flux values for different air concentra-
tions. Theoretical values of heat flux versus ~T are shown 
in Figure (20). The theory seems to predict a slightly 
steeper slope than the experiment. For higher values of ~T 
than 5° F, the theoretical results are seen to be in fair 
agreement with the experiment. But at lower values of ~T, 
experimental results are higher than the theoretical values. 
Figure (21) presents a comparison between the theory 
and the experimental data. The experimental results for 3% 
and 5% are in good agreement with the theoretical curves 
for the same values. The theory predicts a slightly steeper 
heat flux slope than the experiment. At lower subcooling 
(between 2.0°F and 5.0°F) the theory predicts a lower 
value of heat flux. Beyond 5°F of subcooling, the theory 
seems to agree very well with the experimental results. 
However, the spread between the experimental curves is 








Figure 20. Theoretical Predictions of Heat Flux as Func-
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Figure 21. Comparison between the Theoretical and Exper-
imental Values of Heat Flux. 
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The data and theory could not be compared with the 
results of other investigators since no experimental values 
are reported over the range of noncondensable gas concen-
trations being studied. Numerous investigators [15, 27, 37, 
38] have reported the values of heat flux in the range of 
noncondensable gas concentration between 2 to 1,500 ppm. 
Heat flux over this range of concentrations of noncondensable 
gas cannot be predicted by the present diffusion based 
formulation. In general, the present theory breaks down 
when one concentration in the mixture is great compared to 
the other. The previous data is simply beyond the range of 
the theory developed for this study. The theory lS not 
recommended for noncondensable gas concentration of less 
than 1 9.: 0 • 
Theoretical and experimental variations of heat transfer 
coefficients with the degree of subcooling are compared in 
Figure (22). Most of the curves show the general tendency of 
decreasing h with an increasing ~T. At higher values of ~T 
both the theory and the experiment seem to attain asymptotic 
values. Apparently in the experimental results noncondensable 
gas does not have the same rate of effect for the lower ~T 
values as for the higher ~T values. This phenomenon can not 
be explained by the diffusion based kinetic theory model. 
The difference between the theory and the experiment 
for low values of ~T can be attributed to the fact that the 
role of the noncondensables in the diffusion-based theoretical 













Figure 22. Variations of Heat Transfer Coefficient with 





the subcooling. But, ln the experiment, perhaps the noncon-
densables have lower order effects in the low range of 6T. 
From Figure (28), it can be seen that the results of Reisbig 
[10], Welch [15], Tanner et al. [35], Citakoglu and Rose 
[37] and Le Fevre and Rose [38], seem to converge in the 
same general vicinity for lower values of 6T although they 
had different concentrations of noncondensables in their 
experiments. These observations lead to the belief that at 
lower values of 6T the effects of noncondensable gas seem 
to be reduced. 
[ 4 9]. 
This conclusion was also drawn by Reisbig 
Heat flux and condenser surface temperature were 
computed from the recorded internal temperatures of the 
test piece at five different positions. This data was 
used by a computer program to set up the normal equations 
for a polynomial least squares fit to a given discrete 
function. The best fitting polynomial was computed ln 
terms of its Chebyshev expansion. The program also 
computed the solution of the normal equations and found 
the coefficient of the polynomial and thus the temperature 
distribution function along the test piece. From the 
temperature distribution function, the surface temperature 
and the surface temperature gradient were calculated. 
Multiplication of the surface temperature gradient by 
the thermal conductivity of copper (assumed to be 224 
Btu/hr-ft-°F for pure copper) yielded the surface heat 
flux. The degree of subcooling was obtained by subtracting 
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the surface temperature from the recorded steam temperature 
ln the test chamber. 
The heat transfer coefficient (h) was determined 
simply by dividing the surface heat flux by the degree of 
subcooling. The computer program is presented in Appendix 
B. The main program used two subroutine programs (APCH and 
APFS) from the library of IBM System 360/Scientific Sub-
routine Package. 
The three controlling parameters ln the theoretical 
formulation of the heat transfer were sticking coefficient 
a, partially active area F and diffusion layer thickness 
8. The effect of these parameters on the theoretical 
prediction of heat transfer will be discussed so that the 
deviations from the theory can be put in proper perspec-
tive. The sticking coefficient a was assumed to be unity 
for the active area (l- F). The term active area means 
the bare surface area which has been exposed to fresh 
nucleation of the vapor molecules immediately after roll-
off. The term, "bare surface area" is to be understood 
in the microscopic sense. The moment a vapor molecule 
strikes a bare spot, that spot lS no long bare or active, 
although the condensation of that single vapor molecule 
is not macroscopically visible. In the photographic 
experiments of Reisbig [10, 49] it was reported that 
some time elapsed after the roll-off before visible 
drops were seen forming on that strip. 
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This suggests that the proces.s of condensation, and 
thereby the heat transfer, takes place at microscopic 
levels. It will be assumed that thB sticking coefficient of 
water vapor molecules on the bare condenser surface is unity. 
In an experimental study performed by Deschanel et al [50] 
at the University of Missouri - Rolla, a strong bond between 
water and gold was reported. Hence the assumption that water 
vapor molecules striking the bare gold surface~ stick and 
immediately condense, thus leading to the value of o to be 
unity, is within the realm of reality. However, such active 
area in general, constitutes a small portion of the total 
condensing area. 
Inactive area F designates that portion of the conden-
sing area where the nucleation process or drop growth has 
already started, even in the microscopic sense. On such a 
surface o cannot be assumed to be unity. On small drops 
(less than 3 microns in diameter) which are growing, as 
vapor molecules strike, some of them stick and condense and 
thereby contribute to the heat transfer toward the surface 
by giving up their heat of vaporization. Other molecules 
reflect from the liquid surface and come back in the vapor 
stage. Some other molecules may stick to the liquid droplets, 
but because of the mechanical or thermal agitation are 
forced out again. All things considered, the effective or 
net sticking coefficient of vapor molecules on the liquid 
surface should be small. In this study, o for the liquid 
surface was taken to be 0.1, Reference [32]. This sur face, 
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as will be discussed below, constitutes a major portion of 
the total surface area. Heat transfer through this inactive 
area (strictly speaking, partially inactive area) is denoted 
by the first term of Equation (26). 
The third term of Equation (26) denotes the number rate 
of molecules evaporating from the liquid surface with a 
Maxwellian distribution. The evaporation coefficient £ was 
assumed to be equal to 0.1 in this case, although it has 
not been conclusively established that the evaporation 
coefficient is equal to the sticking coefficient under 
nonequilibrium conditions. This approach, however, has 
been used by other investigators [34]. 
The second important parameter which influences the 
heat transfer calculations is F, the fraction of the conden-
sing surface area where the nucleation process has already 
started and continues. F was considered to be an inverse 
exponential function of the degree of subcooling and some 
function of noncondensable gas concentrations. Since heat 
flux values are dependent, to a certain extent, on the 
condensing vapor pressure, it was appropriate to assume 
that F is some function of the saturated vapor pressure and 
temperature. 
The term f(c) in Equation (27) was first chosen for 
the 20% concentration case and then a relationship was 
established for other concentrations in reference to this 
value. The constants C 1 and C2 associated with the pressure 
terms in Equation (27) were chosen in such a way that 
Psat1Patm becomes the same order of magnitude as Tsat· 
These values of C 1 and C 2 were first selected for a parti-
cular set of saturated vapor pressure and temperature, 
degree of subcooling and noncondensable gas concentration. 
In subsequent calculations for other sets of data, these 
values of C 1 and C 2 were found to produce a consistent 
pattern in the values for F and hence were accepted as 
reasonable numbers. The degree of subcooling, 6T, was 
found to be the dominant controlling factor for F. 
Variations of F with 6T for different amounts of con-
centration are represented graphically in Figure (23). 
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These values of F were calculated for a range of pressures 
from 3 to 16 psia with the corresponding range of satura-
tion temperatures. From these graphs, F seems to be pri-
marily a function of the degree of subcooling and the 
noncondensable gas concentration, which suggests that the 
effects of condensing vapor pressure and saturation tempera-
tures nullify each other. Although the constants C 1 and 
C 2 were chosen on the basis of producing such an effect for 
only one reference set of pressure and saturation temperature, 
these values of C 1 and C2 produced the same effects in the 
calculations of F for all other sets of pressures and temp-
eratures over the range of subcooling concerned. Hence, 
the assumption that the condensing vapor pressure and 
temperature have second order effects on F seems to fall 
in line. 
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in reference to the graphs ln Figure (23). In the limiting 
case, with ~T approaching infinity the values of F approach 
unity. Th~s is justified because the rate of condensation 
at the maximum possible degree of subcooling is maximum and 
the entire condensing surface becomes covered with liquid 
droplets. No area will be available for active nucleation 
at any time and thus F will be equal to one. In the other 
limiting case, when ~T goes to zero, there remains no thermal 
driving force to generate any condensation. Hence no drops 
are being produced and as a result, the whole surface is 
free of condensate. Thus F should be equal to zero which 
is suggested by the curves in Figure (23). 
From Figure (23), it is evident that the higher alr 
mass concentration produces a higher F than the lower air 
concentration produces for the same degree of subcooling. 
Higher values of F indicate a smaller amount of active 
nucleation area for heat transfer. This can be inter-
preted in such a way that higher noncondensable gas con-
centrations offer greater resistance in the formation of 
active areas of nucleation and thus lower the amount of 
heat transfer. 
The difference ln the values of F for different 
concentrations are particularly pronounced somewhat in the 
middle range of ~T. At higher values of ~T, the curves 
seem to converge as they approach the asymptotic value of 
unity. At lower values of ~T all the curves converge to 
zero. From the physical point of view, as can be seen 
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from Figure ( 23), the .required degree of sub.cooling lncreases 
with increased noncondensable_ gas con~entration. This 
results in a lower active are.a of" nucleation with a conse-
quent reduction in the rate of h~at transfer. 
From the above discussion, it can be asserted that the 
formulation of F, (Equation (27)) does predict the active 
and inactive areas of heat transfer with reasonable accuracy. 
The third controlling parameter, dc/dx, lS a direct 
indication of the rate at which the water vapor molecules 
are diffusing through air. The variation of concentration 
factor across the diffusion layer was determined by knowing 
the bulk water vapor pressure and the corresponding satura-
tion vapor pressure at the condensing surface temperature. 
The vapor molecules just on the verge of striking the 
surface were considered to be in saturated condition. The 
difference between the two vapor pressures would then be 
proportional to the concentration variance. By using the 
equation of state in terms of Boltzrnan's constant, mole-
cular densities at the particular pressures and thus the 
appropriate change in concentration factor across the 
diffusion layer can be computed. 
In the above procedure, conduction through droplets 
was ignored. This would be particularly true if the droplet 
radius is small. But the basic assumption of this study is 
that heat is transferred through small nucleation sized 
drop·s on bare surface area. Hence the assumption that the 
striking vapor· molecules are at the same temperature as the 
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surface is justi f ied. Temperature drop penalty for nucle-
ation as suggested by Griffith [47] was also ignored because 
it is small in magnitude. 
The selection of the diffusion layer thickness is to 
be understood from the kinetic theory based concepts. The 
major concentration change of both air and water vapor take 
place in this so-called diffusion layer. The concentration 
outside this layer remains essentially unchanged. Since air 
has to diffuse in the opposite direction of the water vapor, 
a maximum concentration of air exists near the condensing 
surface. In the diffusion layer, no analytical or empirical 
formulation has been reported to date. 
Griffith [47], in his summarized version of dropwise 
condensation, notes that the phenomenon of diffusion must 
be happening very near the surface of the drop. In the 
present work, it has been assumed that the magnitude of this 
layer should be of the same order of magnitude as the mean 
free path of water vapor. 
Reisbig [10, 49] mentioned that from experimental 
observations the largest effective drop diameter was found 
to be 3 microns or roughly 10- 5 foot. By the term "effec-
tive size" he meant the largest drop which was still active 
in the mass transfer process. Since diffusion is just that, 
a rough estimate of the diffusion layer can be considered 
to be of the. order of 10- 5 foot. 
This approxirna tion is .suggested by other investigators' 
observations also. Based on film fracture concept mechanism 
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of dropwise condensation, Welch [1.5] f .ound an excellent 
agreement be·tween. his experimental results and predicted 
value~, if he considered the ~r~tical film thickness to 
be 5.3 X 10- 4 mm (i.e., 1.74 X 10- 5 ft.). Using Baer and 
McKelvey's [5] suggested method, Welch calculated the range 
of critical film thickness to be 3.9 X 10- 4mm to 6.9 X 10- 4 
mm (1.28 X 10- 5 ft. to 2.26 X 10- 5 ft.). 
From Equatiori (9), the mean free path of water vapor 
over a wide range of pressures, temperatures and concentra-
tions was generally found to be of the order of 10- 7 foot. 
Thus 8 can be assumed to be approximately 100 times the 
mean free path of the water vapor. It should be noted that 
this assumption of the thickness 8 may seem somewhat arbi-
trary. However, under the present circumstances where no 
theoretical or experimental knowledge of 8 is available, 
this assumption seems to be reasonable. 
Therefore, the deviations between the theory and the 
experiment in the present study can be attributed to the 
effects of the three controlling parameters, a, F and dc/dx. 
The value of a is still a topic of controversy among investi-
gators. But the assumption of a to be unity on the bare 
surfaces and less than unity on the liquid surfaces seems 
reasonable. The formulations of F and dc/dx as e xpres s ed ln 
this work may only be a first order approximation o f the 
physical behavior associated with dropwise condensation. 
In .the first part of' the experiment, heat transfer data 
were taken for pure steam. The proc~dures for removing the 
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noncondensable gas trapped in the f .eed water were described 
earlier. Measurements of the residual noncondensable gas 
in t .he chamber was not possible with the existing instru-
mentation. 
Values of heat flux versus ~T are presented in Figures 
(24, 25, 26) for three different vent opening conditions. 
All the curves show the characteristic increase in heat 
flux with an increase in ~T. The slope of the heat flux 
curve is strongly affected by noncondensable gas. This 
kind of behavior was observed by numerous investigators 
[10, 15, 27]. These results are compared with the data of 
some other investigators in Figure (28). The data from this 
study falls between the two limiting curves of Reisbig [48] 
and Tanner et al. [ 3 5, 3 6] . 
Since Tanner et al. [35] claimed to have a noncondensable 
gas concentration of only 2 ppm (i.e. 0.0002%) and Reisbig 
[49] concluded that gas concentration in his experiments 
were approximately 10- 13 ppm (i.e., 0.001 to 0.0013%), 
the present data can be assumed to have a value of noncon-
densable gas concentration somewhere between these two 
limits. 
Although extreme care was taken to avoid contamination 
of the vapor with air, some traces of air still remained a s 
was shown by the results. It 1s clearly seen that even 
the presence of minute traces of noncondensables considerably 
















Figure 24. Experimental Variations of Heat Flux with the 





Figure 25. Experimental Variations of Heat Flux with the 
















Figure 26. Experimental Variations of Heat Flux with the 
Degree of Subcooling in Both Vents Open Position. 
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results can be consider€d to be that of pure steam, then 
the present results pred.ict 3 to 5 times less heat transfer 
for the same degree of subcooling. 
When the noncondensable gas concentration in the terms 
of a few ppm are considered, diffusion does not seem to be 
the rate controlling process. As can be seen from Equation 
(15), diffusion takes a prominent role only when the noncon-
densable mixture is quite large. Although a few ppm of 
noncondensable gas present in the water vapor considerably 
lowers the process of heat transfer, at this point it is 
difficult to conclude any mechanism which exactly describes 
the effect of small traces of noncondensable gas. 
From these Figures (24, 25, 2 6) ' it can be noted that 
when both vents were open, higher values of heat flux were 
observed. When both vents are open, a constant venting both 
near the surface and in the bulk gas was maintained which 
may have lowered air concentration to some extent. Subse-
quently this increased the heat transfer rate. When only 
the outer vent was open, air was vented from the bulk and 
not from the surface where the concentration was greatest. 
Hence the air concentration remained virtually unchanged 
near the surface which in turn affected the heat transfer 
rate. Effects of venting were also demonstrated by Le Fevre 
and Rose [37] as well as Citakoglu and Rose [38]. Venting 
arrangements were installed in this experiment on the basis 
of recorrunendations of Citakoglu and Rose (38]. 
Values of heat transfer coefficient for all three vent 
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openings are presented. as a function of the degr.ee of sub-
cooling in Figure ( 27). As expected, the values for BVO 
are seen to be a little higher .than the values for the 
other two vent position~. 
Figure (28) presents the recent heat flux data reported 
by other investigators, [10, 15, 35, 37, 38]. These experi-
ments were performed in the presence of small traces of 
noncondensable gas, ranging from 2 to 13 ppm. If the 
experimental heat flux results of Tanner et al. (35] with 2 
ppm concentration were compared with the results of 3% 
concentration curve of Figure (19), it is found that Tanner 
et al!s values are up to 17.33 times greater than the 
values for the 3% concentration in this work. This indicates 
the extent to which the heat flux is diminished, and the 
effect of the noncondensable gas is felt with increasing 
magnitude as ~T gets larger. 
It is also interesting to observe 1n Figure (28) how 
drastically the heat flux values are changed with the 
slightest increase of noncondensable gas concentration. 
Welch's [15] values are of the order of 3 - 4 times the 
present values for 3% concentration although Welch claimed 
to have only 10 - 13 ppm. Reisbig's data [49] are similar 
to Welch's. The conclusion that can be drawn from these 
observations 1s that perhaps the presence of a few ppm of 
noncondensables play a dominant role in the heat transfer 
and this eff.ect increases progressively with the increase 
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Figure 27. Experimental Variations of the Heat Transfer 
Coefficient with the Degree of Subcooling for all 











Figure 28. Comparison between the Data of Other Investi-
gators and the Present Theoretical and Exper-
imental Data. 
this study agree well with Tanner et al. [35] at lower 




Heat transfer in dropwise condensation is a diffusion 
controlled process in the presence of a significant amount 
of noncondensable gas. Diffusion of one gas through another 
lS a slow process. Hence it considerably slows the mole-
cular influx of water vapor molecules diffusing through air. 
This consequently diminishes the rate of heat transfer. 
A diffusion layer exists very near the surface of liquid 
droplets where most or all diffusion takes place. The con-
centration gradients of water vapor and noncondensables are 
opposite each other across the layer. The thickness of 
this layer is considered to be of some order of magnitude of 
the mean free path of the water vapor. The assumption of a 
linear concentration gradient across the diffusion layer 1s 
justified because of the small physical magnitude of the mean 
free path (of the order of 10- 7 foot). 
An expression for the inactive area F (i.e. partially 
active area) was derived in terms of the degree of subcooling 
concentration gradient, saturated pressure and temperature 
of the condensing vapor. The calculated values of F were 
found to produce reasonable agreement with the physical 
behavior reported by other investigators. The degree of 
subcooling becomes the dominant controlling factor of F. 
Heat transfer 1n dropwise condensation takes place 
primarily through the bare surface area. The term "bare 
surface area" should be considered in the microscopic 
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sense. A spot 1s not considered bare as soon as a vapor 
molecule is condensed on t .he spot. Secondary heat transfer 
takes place through the small nucleation sized droplets 
which have already been formed and are growing by capturing 
other drops. 
The diffusion-based theoretical model predicts the 
experimental results for 3% and 5% noncondensable gas 
concentration~ with a reason~ble accuracy (10% to 15% 
deviation). 
The limitation of the present theory is its inability 
to predict the experimental results at low levels of noncon-
densable gas concentration (0- 10,000 ppm). When the 
concentration factor of one component is negligible compared 
to the other component in a binary gas mixture, it is 
unreasonable to as.sume that the phenomenon of diffusion 
is taking place. In the case of a pure one-component 
condensation process, the phenomenon of self-diffusion does 
not seem to be a realistic model. 
The success of the present diffusion based kinetic 
theory model is its capacity to describe, within reason, 
the heat transfer in dropwise condensation in presence of a 
significant amount of noncondensable gas. 
Gold was found to be an excellent promoter oi dropwise 
condensation and maintained its eYfectiveness for a period 
of 18 months. Because of its high thermal conductivity 
(170 Btu/hr-ft-°F) compared to other chemical compounds like 
teflon, montan wax, etc., it offers very little resistance 
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against the heat f .low .toward the parent metal. 
Chilling the extracted mixture of steam and air 1n a 
constant voTume container to a low ~temperature was found to 
be a reasonable means for measuring the noncondensable gas 
conceritration. However, the temperature should be brought 
down to such a low temperature that the vapor pressure of 
ice at that condition becomes negligible compared to the 
total pressure of the contents. Otherwise corrections for 
the vapor pressure of ice has to be made, Appendix C. 
Further work is recommended in this area to develop a 
precise qualitative and quantitative relationship between 
the heat transfer values and the presence of small traces 
of noncondensable gases. The limiting point of concentration 
where diffusion becomes a rate controlling factor remains 
to be explored. 
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APPENDICES 










Symbols Used in Tables: 
specifies the vent operation 
only surface vent open 
only outer vent open 
both vents open 
absolute pressure of the 
system, psia 
thermocouple readings at five 
locations of the test piece 
converted to °F 
thermocouple reading of the 
chamber temperature 
converted to 0 f 
absolute pressure of the 
contents of the constant 
volume container in microns, 
before the entry of the 
extracted steam, after the 
entry of the extracted steam 
but before chilling and after 
chilling, respectively 
thermocouple reading of the 
contents of the constant 
volume container converted to 
0 f for the same condition as 
that of p 1 , p 2 , and p 3 . 
condenser surfac e 
temperature, 0 f 
degree of subcooling, °F 
concentration of noncondens-
able gas in percent 
absolute pressure of water 
vapor in the chamber, psia 
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A. Tables of Experimental Data (Continued) 
h 
Symbols Used in Tables: 
condensin§ surface heat flux, 
Btu/hr-ft 
heat transfer coefficient, 
Btu/hr-ft 2 °F 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT 
Run No. 
1 2 3 4 5 
Vent svo bvo svo bvo svo 
--
p 4.124 11.19 11.29 9.63 11.43 
t1 148.00 190.54 185.62 175.20 190.60 
t2 147.00 189.44 183.67 173.20 188.97 
t3 145.95 188.24 181.61 171.77 187.20 
t4 144.90 156.99 179.57 169.22 185.43 
t5 143.16 185.07 175.59 165.24 182.72 
t6 152.44 195.92 196.50 189.17 198.00 
p1 90 100 
p2 550 700 
p3 ~·: 73 82 
t7 67.00 63.59 
t8 73.20 76.00 
t9 -92.00 -88.00 
ts 148.546 191.532 187.442 176.95 191.98 
~t 3.59 4.39 9. 0 6 12.22 6.01 
* denotes corrected pressure 
- indicates preceding values 
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l. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
l 2 3 4 5 
Vent svo bvo svo bvo svo 
c 5.04 4.17 
Pv 3.916 10.628 10.605 9.139 10.95 
q 8,423 9,737 13,868 14,623 12,619 
h 2,343 2,219 1,531 1,196 2,097 
indicates preceding values 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
6 7 8 9 10 
Vent SVO bvo bvo ovo bvo 
p 4.59 9.10 12.10 14.39 11.33 
tl 150.23 180.49 188.27 204.11 178.39 
t2 148.90 178.91 185.49 203.00 175.93 
t3 147.46 177.37 182.68 201.90 173.40 
t4 146.09 175.80 179.86 200.78 170.88 
t5 143.75 172.74 174.28 198.55 165.92 
t6 154.90 187.90 200.77 209.22 197.85 
pl 100 92 85 
p2 700 650 600 
p3 ~': 82 73 69 
t7 63.59 64.00 64.15 
t8 76.00 75.00 77.20 
t9 -88.00 -84.60 -88.00 
ts 151.39 181.85 190.77 205.10 180.71 
L\t 3.51 6.04 10.00 4.12 17.13 
denotes corrected pressure 
- indicates preceding values 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
6 7 8 9 10 
Vent SVO bvo bvo ovo bvo 
c 4-.17 2.89 3.86 
Pv 4-.4-0 8.89 11.75 13.83 10.897 
q 10,160 16,320 24-,256 10,756 29,4-35 
h 2,894- 2,699 2,4-26 2,620 1,717 
indicates preceding values 
1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
11 12 13 
Vent bvo bvo bvo 
p 7.0158 11.8 9 4.357 
t1 166.50 188.42 149.22 
t2 164.70 156.40 145.43 
t3 162.88 184.37 141. 6 8 
t4 161.10 182.38 137.97 
t5 157.48 178.43 131.79 
t6 175.50 200.00 156.29 
p1 85 82 
p2 600 1,600 
p3 ~·: 69 60 
t7 64.15 63.70 
t8 77.20 75.00 
t9 -88.00 -77.00 
t 
s 
168.10 190.18 152.12 
6t 7.40 9. 8 2 4.17 
* denotes corrected pressure 





























2. 2 9 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
11 12 13 14 15 
Vent bvo bvo bvo SVO bvo 
c 3.86 .0045 . 50 
Pv 6.745 11.433 4.357 7.144 8.138 
q 13,271 16,728 37,352 28,804 13,667 
h 1,794 1,702 8,961 11,135 5,969 
- indicates preceding values 
1. HEAT TRANSFER DATA WITH 
MEASUREMENT (Continued) 
16 17 
Vent bvo bvo 
p 10.036 16.57 
tl 186.42 209.28 
t2 185.80 206.15 
t3 185.16 203.08 
t4 184.55 199.97 
t5 183.50 193.90 
t6 189.923 218.25 
p1 90 80 
p2 625 800 
p3 ~'~ 82 57.25 
t7 62.3 65.20 
t8 74.10 74.30 




bt 3.011 6.26 
* denotes corrected pressure 




18 19 20 
svo svo ovo 
16.19 15.89 13.00 
212.31 209.44 199.81 
210.46 205.97 196.16 
208.63 202.38 192.43 
206.78 198.91 188.89 
203.18 193.00 181.75 







213.92 212.23 202.95 
3.188 3.87 3. 0 9 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
16 17 18 19 20 
Vent bvo bvo svo SVO ovo 
c 7.52 .206 .0812 
Pv 9.283 16.533 16.15 15.87 12.97 
q 4,654 31,139 17,875 27,039 24,977 
h 1,545 4,970 5,606 6,993 8,202 
- indicates preceding values 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
21 22 23 
Vent bvo svo bvo 
p 7.352 7.136 13.976 
t1 174.49 171.43 202.32 
t2 173.00 169.59 200.15 
t3 171.51 167.70 197.98 
t4 170.10 165.90 195.78 
t5 167.17 162.27 191.37 
t6 177.88 176.50 208.54 
p1 90 85 95 
p2 1,200 975 1,000 
p 3 ~·: 80 75 78.25 
t7 67.50 65.00 66.00 
t8 74.25 74.68 74.86 
tg -84.00 -78.50 -86.42 
t 175.72 173.034 204.27 
s 
6t 2.155 3.46 4.27 
* denotes corrected pressure 
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1. HEAT TRANSFER DATA WITH NONCONDENSABLE GAS 
MEASUREMENT (Continued) 
Run No. 
21 22 23 
Vent bvo svo bvo 
c 3.218 3.307 2.65 
Pv 7.144 6.900 13.606 
q 8,955 12,456 15,721 
h 4,154 3,594 3,677 
2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENTS 
Run No. 
1 2 3 4 5 
Vent svo bvo ovo svo bvo 
p~'~ 27.86 21.86 25.36 25.36 25.36 
t1 199.00 154.92 207.11 206.82 203.52 
t2 192.32 177.20 201.16 199.91 195.12 
t3 185.43 169.23 195.03 192.79 186.46 
t4 178.82 161.59 189.15 185.95 178.16 
t5 167.56 148.56 179.12 174.31 164.80 
t6 209.50 196.91 217.42 218.00 216.77 
t 204.30 191.06 211.83 212.30 215.80 
s 
llt 5. 2 5.85 5.59 5.70 6.10 
q 51,277 59,215 45,867 53,552 64,317 
h 9,860 10,036 8,190 9,395 10,543 




2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENTS (Continued) 
Run No. 
6 7 8 9 10 
Vent bvo bvo svo ovo ovo 
p 18.14 37.64 37.64 13.20 10.10 
t1 174.46 212.10 211.67 163.17 152.41 
t2 166.10 203.17 202.05 156.37 146.32 
t3 158.51 194.00 192.03 149.35 140.04 
t4 151.23 185.13 182.61 142.62 134.00 
t5 138.83 170.07 166.40 131.15 123.75 
t6 188.59 226.75 224.00 179.57 162.74 
t 179.90 219.20 219.26 168.57 157.243 
s 
~t 8.69 7. 55 4.74 6.00 5.497 
q 95,507 71,860 65,207 51,862 46,933 
h 10,977 9,581 13,756 8,643 8,533 
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2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENTS 
(Continued) 
Run No. 
11 12 13 14 15 
Vent bvo bvo ovo svo ovo 
p 35.00 29.80 34.20 23.80 19.00 
t1 213.38 203.93 211.06 191.73 185.23 
t2 207.67 198.10 206.00 186.00 179.55 
t3 201.78 192.10 200.67 180.07 173.63 
t4 196.13 186.33 195.62 174.40 169.95 
t5 186.51 176.51 187.00 164.73 158.27 
t6 221.81 212.15 219.12 201.00 190.75 
t 217.91 208.55 215.14 196.28 189.852 
s 
~t 3.90 3.60 3.98 4.72 2. 8 9 8 
q 43,858 4,558 33,713 42,841 44,447 
h 11,245 12,662 8,428 9,115 15,336 
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2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENT 
(Continued) 
Run No. 
16 17 18 19 20 
Vent bvo ovo svo ovo svo 
p 13.08 10.28 8.68 8.00 6.38 
t1 167.93 157.50 150.44 146.52 138.60 
t2 162.77 153.00 145.23 142.12 133.87 
t3 157.44 148.35 139.86 137.27 129.00 
t4 152.33 143.90 134.71 132.62 124.31 
t5 14 3. 6 3 136.30 125.93 124.70 116.34 
t6 174.12 164.01 156.27 152.55 144.55 
t 172.03 161.07 154.57 150.54 142.357 
s 
6t 2.09 2.94 1.70 2.01 2.193 
q 39,340 33,978 40,041 35,965 37,147 
h 18,800 11,557 23,553 17,982 16,938 
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2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENT 
(Continued) 
Run No. 
21 22 23 24 25 
Vent svo ovo ovo bvo bvo 
p 33.68 30.08 22.28 18.20 13.68 
t1 212.62 209.55 194.31 181.99 164.43 
t2 207.62 205.10 189.66 176.32 163.39 
t3 202.47 200.50 184.86 170.48 158.19 
t4 197.52 196.10 180.26 164.87 153.20 
t5 189.10 188.60 172.42 155.32 144.71 
t6 218.38 214.88 199.63 188.38 174.92 
t 216.59 213.08 198.00 186.486 172.43 
s 
~t 1.879 1.80 1.63 1.894 2.59 
q 38,896 33,531 35,466 44,002 38,757 
h 21,80.8 18,628 21,758 23,258 14,964 
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2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENT 
(Continued) 
Run No. 
26 27 28 29 30 
Vent bvo SVO SVO avo avo 
p 11.56 9.06 8.46 7.46 5.56 
t1 163.16 152.83 149.93 144.75 135.21 
t2 157.88 147.98 145.08 140.00 130.53 
t3 152.44 142.98 140.07 135.10 126.31 
t4 147.21 138.18 135.28 130.40 121.98 
t5 138.32 130.00 127.10 122.34 114.59 
t6 169.44 158.59 155.57 150.33 140.48 
t 167.35 156.67 153.77 148.535 138.686 
s 
6t 2.09 1.92 1.80 1.795 1.794 
q 41,055 37,432 36,522 36,266 33,379 
h 19,840 19,495 20,290 20,147 18,543 
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2 . DATA WITHOUT NONCONDENSABLE GAS MEASUREMENT 
(Continued) 
Run No. 
31 32 33 34 35 
Vent ovo ovo svo bvo bvo 
p 24.42 23.62 20.62 16.32 14.22 
t1 197.90 192.10 190.07 178.80 172.78 
t2 193.91 188.37 186.10 174.33 168.63 
t3 189.70 184.52 182.00 169.72 164.35 
t4 185.83 180.83 178.07 165.30 160.24 
t5 179.10 174.55 171.37 157.77 153.25 
t6 202.63 196.25 194.52 183.74 177.16 
ts 201.03 195.07 193.23 182.34 176.07 
6t 1.60 1.18 1.29 1.40 . 9 0 
q 22,838 28,501 30,238 34,261 32,032 
h 14,273 23,750 23,260 24,472 35,591 
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2 • DATA WITHOUT NONCONDENSABLE GAS MEASUREMENT 
(Continued) 
Run No. 
36 37 38 39 40 
Vent bvo bvo SVO svo ovo 
p 12.14 10.64 8.44 7.84 5.84 
t1 165.11 159.01 150.91 148.27 136.71 
t2 160.14 154.06 146.55 144.56 133.66 
t3 155.01 148.95 142.05 140.81 130.51 
t4 150.10 144.04 137.73 137.17 127.49 
t5 141.73 135.69 130.37 130.98 122.34 
t6 170.28 164.04 155.35 152.07 139.83 
t 169.04 162.94 154.37 151.167 139.134 
s 
6t 1.24 1.10 0.98 .917 .697 
q 37,736 38,109 33,440 32,401 23,222 
h 30,432 39,644 34,122 35,333 33,364 
B. Numerical Programs 
l. HEAT TRANSFER WITH NONCONDENSABLE GAS MEASUREMENT 
PROGRAM FOR TABLE l, APPENDIX A 
C TO COMPUTE THE SURFACE TEMPERATURES BY LEAST SQUARE 
METHOD - CHEBYSHEV 
C POLYNOMIAL EXPANSION 
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DIMENSION DATI(l5),WORK(2l),C(5),TEMP(6),T(5) 





C TO COMPUTE THE CHEBYSHEV POLYNOMIAL OF DEGREE FIVE 























READ(5,100) (DATI(l), I=6,10),TST,TSAT,Pl,P2,P3,Tl, 
T2,T3 
IF(DATI(6).EQ.O.O) GO TO 50 
GO TO 5 
50 STOP 
100 FORMAT(Fl0.4) 
300 FORMAT(/////,2X, 'INPUT TEMPERATURES=' ,//,2X5Fl0.5, 
//,2X,'STEAM TEMPERATURE=' ,5X,Fl0.5,10X~'SATURATION 
lTEMPERATURE=',5X,Fl0.5,//,2X, 
2'CONSTANT VOLUME CONTAINER PRESSURES IN MICRONS ARE 
3=' ,F8.2,5X,F8.23,5X,F8.2,//,2X,'CONSTANT VOLUME 
4CONTAINER TEMPERATURES ARE=',Fl0.4,5X,Fl0.4,5X,Fl0.4) 
1. HEAT TRANSFER WITH NONCONDENSABLE GAS MEASUREMENT 
PROGRAM FOR TABLE 1, APPENDIX A (Continued) 
400 FORMAT (///,2X,'SURFACE TEMPERATURE=' ,F10.5,//,2X, 
1'DEGREE OF SUBCOOLING=' ,F10.4,10X,'CONCENTRATION IN 
2PERCENT=' ,Fl0.5,10X,'HEAT FLUX=' ,Fl2.4,//,lOX,' 
HEAT TRANSFER COEFFICIENT' ,SOX,F12.4) 
END 
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2. HEAT TRANSFER WITHOUT NONCONDENSABLE GAS HEASUREHENT 
PROGRAM FOR TABLE 2, APPENDIX A. 
C TO COHPUTE THE SURFACE TEHPERATURES BY LEAST 
SQUARE METHOD - CHEBYSHEV 
C POLYNOMIAL EXPANSION 
READ(1,100) (DATI(I), I=1,15) 
5 CONTINUE 
CALL APCH(DATI,5,5,XO,XO,WORK,IER) 
TO COHPUTE THE CHEBYSHEV POLYNOMIAL OF DEGREE FIVE 











HEAT= 2 6 8 8. ~·:DERI 
WRITE(3,300) (TEHP(I),I=1,6),HEAT 
READC1,100) (DATI(I),I=6,10) 
IF(DATI(6).EQ.O.O) GO TO 50 
GO TO 5 
50 STOP 
100 FORMAT(Fl0.4) 
3 0 0 FORMAT (II , 2X, 'INPUT TEMPERATURES=' , II, 2X, 5 F1 0. 5, II 
1 , 2 X , ' SURFACE TEMPERATURE = ' , I I , 2 X , F 10 . 5 , I I I , 2 X , ' 













COMPUTATION OF HEAT FLUX FOR DIFFUSION CONTROLLED 
MECHANISM 
********************* 
VALUE OF THE MULTIPLICATIVE FACTOR FOR ALL THE 
CALCULATIONS IS 100 
DIMENSION CONN (20) 










READING IN THE VALUES OF THE VARIABLES 
READ (5,100) (CONN (I), I=1,7) 
10 READ (5,100) PA,T,TSAT,TL,PL,VL,HFG 
IF (PA.LT.2.0) GO TO 40 





















CON= CON~·,. o1 
DIFF=(ABN/3.)*(CON*VELA*PATHA+(1-CON)*VELB*PATHB) 
EVAPN=(CB*SQRT(460.+TL)/VL*EXP(-(CC*HFG)/(460.+TL)) 
CALCULATION OF DC/DX FOR A MULTIPLICATIVE FACTOR OF 
100 
GRAD=((AN-ANL)/ABM)/(100.*PATHA) 




3. THEORETICAL MODEL (Continued) 
WRITE(6,400) F,CONDN,HEAT,HCOEF 
20 CONTINUE 
GO TO 10 
40 STOP 
100 FORMAT(F10.4) 
2 0 0 FORMAT ( '0 1 , I /.2X, 'AIR CONCENTRATION IN PERCENT', 
F10.2,10X,"DEGREE 0 
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lF SUBCOOLING' ,5X,Fl0.4,//2X,'WATER VAPOR PRESSURE', 
5X,F10.4,lOX'D 
2EGREE OF SUPERHEAT' ,F10.4) 
300 FORMAT(///,20X,'**************HEADING************** 
',I//.2X,'I 
lNACTIVE AREA, lOX,'NET MOLECULAR CONDENSATION', 
lSX,'HEAT FLUX' ,lOX 




C. Theoretical Calculations 
Heat Trans£ er. Unidirectional heat transfer is assumed 
in all these calculations. The test piece was completely 
surrounded by plastic and silicon rubber packing having a 
thermal conductivity of 0.070 Btu/hr-ft°F. An attempt has 
been made in Appendix D to find the amount of error involved 
in neglecting the heat leaked through the insulating packing. 
As will be found~ this heat loss is negligible. Data from 
run number l of Appendix A, Table l~ will be used in this 











• 8 C\1 
_____ l_ ._j_ 
... l ___ ....... x 
Since the cross sectional area of the test p1ece~ 
shown in the sketch above~ varies with the x-direction, 
the temperature gradient in x-direction will be nonlinear. 
Firstly an expression for the variable cross area A has to 
X 
be found in terms of X and 8. 
e is given by tan e = l/8 I 2 l/2 = 0.05 
or e = tan- 1 C 0 . 0 5 ) = 2 . 8 6 2 4 
Therefore Ax 1s given by the following expression 
Ax = (l 3/4 .+ 2 x tan 9) 2 
= 0.01 x 2 + 0.35 x + 3.06 
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To find the temperature distribution along the test 
piece, the one-dimensional Fourier heat conduction is 
applied, i.e. 
d/dx (t A dT/dx) = 0 
X 
(1) 
Assuming t of the test piece to be independent of x, 
Equation (1) reduces to 
or 
d/dx (Ax dT/dx) = 0 
Ax dT/dx = c 1 
Separation of the variable yields 
dT = cl dx 
( 1 • 7 5 + 0 • 0 lx ) 2 
On integration 
T =[-10 c 1 I (1.75+0.lx)] + c 2 
c 1 and c 2 are the constants of integration. 
( 2 ) 
( 3) 
Now to calculate c1 and c 2 , only two boundary condi-
tions are needed; if temperatures at two specified points 
along the test piece are given, c 1 and c 2 can be calculated 
and the temperature distribution known. But slx temperatures 
from T 
1 
through T 6 along the test piece at x = . 3 43", . 713", 
1.112", 1.511", 1.858", and 2.232", Figure (14) were 
recorded. Hence, in the present problem, six instead of 
two boundary conditions are at hand. So the values of the 
constants should be chosen so that the temperature distri-
but ion given by Equation ( 3) satisfies all six recorded 
temperatures, at least in some average sense. 
Let TA and TB be any two recorded temperatures at any 
of these two specified points. Then, from Equation ( 3) , 
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10 c 1 ( 4) 
and 
-lOc 1 
TB = (l.75+0.lxB) + c 2 ( 5) 
On subtraction of (5) from (4), one obtains 
lOc1 (O.lxA - O.lxB) 
( 6 ) 
therefore c 1 = 
(1. 7 5 + 0. lxA) ( l. 7 5 + 0. lxB) 
( TA -TB) ( 7) 
Substitution of this value of c1 in Equation (14) results 
ln 
therefore 
= -10 (l.75+0.lxB) 
(xA - xB) 
(TAxA- TB xB) + 17.5 (TA- TB) 
(xA - xB) 
( 8) 
Substitution of Equation (7) and (8) ln Equation (3) 
results in an expression for the temperature distribution 
in terms of any two recorded temperatures at any two speci-
fied locations as follows: 
+ (TA xA-TB xB) + 17.5 (TA - TB) 
(xA - xB) ( 9 ) 
where xA and xB are the distances of points from the 
condensing surface where temperatures TA and T8 were recorded. 
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The temperature at the condensing surface is given by 
setting x = 0 in the above equation, i.e 
T 
s 
= _1 0 ( l. 7 5 + 0. lxA) (1. 7 5 + 0 . lxB) 
1.75 (xA- xB) 
+ 
( T A xA - T B xB) + l 7 . 5 ( T A - T B) 
(xA - xB) 
(10) 
Heat flux at the condensing surface is obtained by 
differentiating the temperature distribution, Equation (9), 
with respect to x and obtaining the value at x = 0 and 
then multiplying by t, the thermal conductivity of copper. 
Thus 
Q = -t 
10 (1.75 + O.lxA) (1.75 + O.lxB) 
3 • 0 6 ( XA - XB) 
{TA - TB) (11) 
Given some allowances 1n error of the measurement of 
temperature, all six temperatures recorded for a particular 
run should fit the temperature distribution equation (9). 
Taking the data set for run number l of Appendix A, Table 
3, and pairing any two temperatures (excepting adjacent 
points), the values of the constants of integration c 1 and 
c 2 are calculated~ Equations (7) and (8). As can be seen 
from the following table, the values of c 1 , c 2 , T 5 and Q 
thus calculated come very close for each pair of tempera-
tures. This indicated that the recorded measurements are 




TA TB XA XB 
Of Of in. 1n. 
148.00 143.16 . 3 43 2.232 
146.97 143.16 .713 2.232 
148.00 144.05 .343 1.511 
204.11 198.55 .343 2.232 
203.00 198.55 . 713 2.232 
204.11 200.78 .343 1. 511 
cl c2 






















The calculated results as shown in Table l clearly 
indicate that the recorded temperature measurements come 1n 
excellent agreement with the predicted theoretical calcula-
tions. When compared with results from Run number l, the 
results of Run number 9 show a little discrepancy in the 
values of Ts and Q. But then again the deviation of these 
results from the mean value is less than .5%, which is a 
very acceptable error criteria in engineering practice. The 
deviation in the results of Ts and Q for Run number l is 
found to be even less than 0.5%. 
Noncondensable Gas Measurement. In the experiments 
air was used as the noncondensable gas. Both air and water 
vapor are assumed to be perfect gasses and thereby follow 
the conventional equation of state, PV = MRT. 
The net volume of the constant volume container, 
Figure ( 18), was calculated to be 0.18 0 cubic feet. The 
gas constant R for~ the air and water vapor were taken to 
be 53.34 and 85.58 ft-lb f I 0 R respectively. 
From the initial pressure and temperature of the 
container, the initial mass of a1r was computed to be 
Ma i = pi V I Ra T i (12) 
Then the mixture of water vapor and a1r from the test 
chamber was allowed in the container and after the system 
stabilized, the pressure P and temperature T were recorded. 
Since the constant volume container then contained a mixture 
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of water vapor and ga.s, Da.1 ton's law of partial pressures 
would apply. Thus P = Pa + Pv, where Pa and Pv are the 
partial pressures of air and water vapor, respectively. 
Hence 
p = Pa + Pv = 
Ma Ra T 
v 
(13) 
where Ma and Mv are the masses of air and water vapor respec-
tively. After a little manipulation, the mass of the water 
vapor was found to be 
M = (PV I T - M R ) I R v a a v (14) 
The whole container was then chilled in a bath of 
acetone and liquid nitrogen packed with crushed dry ice 
which produced a sufficient cooling effect to condense and 
freeze all the water vapor in the container. The temperature 
of the cooling bath thus produced was found to vary between 
-ll4°F and -85°F in different runs. The inside temperature 
of the container varied from -93°F to -77°F. After the 
container was submerged in the cooling bath, sufficient time 
was allowed for the container pressure and the temperature 
to become stable. The pressure Pf and temperature Tf were 
At that temperature and pressure it was then recorded. 
proper to assume that all the water vapor was frozen and the 
volume of the ice was very small compared to the air present 
in the container. The main constituents of air, oxygen and 
nitrogen, have very low melting points of -209.86° C and 
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218.4°C at 760 mm of mercury respectively and hence can be 
assumed to be in vapor form in the temperature range -93°F 
The pressures of the aqueous 
va.por over ice over the temperature range., as shown in 
Table 5., were fourid to vary between 2 and 8 microns. The 
vapor pressure was subtracted from the recorded pressure Pf 
to get the corrected pressure for the noncondensable gas in 
the container. This corrected pressure, Pj was then used in 
the following equation of sta.te to determine the final mass 
of air. 
Ma = P~ V I Ra T (15) 
The above value of Ma can be substituted in Equation (3) 
to compute Mv, the mass of water vapor extracted in the 
constant volume container. 
The mass of the air that entered the container along 
with the water vapor was, therefore 
(16) 
The total mass of the mixture that was allowed in the 
container was 
M - M + l'-1 T - av v (17) 
The noncondensable gas concentration lS therefore g1ven 
by 
Mav 
















T· l T c 
% 
67.00 73.20 -92.00 5.04 
64.15 77.20 -88.00 3.86 
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Table 4. Noncondensable Gas Concentration 






2 4 6 8 
.00143 .00105 .00077 .00056 
.00614 .00464 .00464 .00261 
.0230 .0230 .0138 .0106 
Pressures of Aqueous Vapor over Ice 
in MM of Mercury for Temperatures from 
-sooc to -80°C. 
The highest temperature recorded in the container was 
-77°F or -60°C at which the vapor pressure of lee, as seen 
from Table 5, was found to be 8 microns. The recorded 
pressure of the container after cooling was 68 microns and 
hence the corrected pressure for the noncondensable gas 
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in the container was 60 microns. This value was used in 
Equation (4) to determine the final mass of air in the 
container. At the lowest recorded temperature of -93.5°F, 
(-69.72°C), the vapor pressure of ice was found to be 2 
microns which was subtracted from the recorded pressure of 
67 microns in Run number 15, Table 1, Appendix A, to obtain 
the corrected pressure of 65 microns. 
D. Error Analysis 
Temperature Measurements. Altogether nlne thermocouples 
were used in this experiment; one was used for the cold 
reference junctions. Six thermocouples were imbedded in 
the test piece along its central plane from the steam side 
to the coolant side. After some time, the thermocouple 
recording temperature Ts went out of operation. Hence the 
temperature distribution along the test piece was decided 
on the basis of five recorded temperatures, instead of on 
six. 
for various locations in the test piece, T1 was for the 
steam chamber and Ta was for the constant volume container 
ln the noncondensable measuring devices section. 
All thermocouples were 35 swg (0.01" in diameter) teflon 
coated, with 0.003" insulation. They were all copper-
constantan thermocouples, certified by the manufacturer for 
an accuracy of O.l°F. Thermocouple beads were made by spot 
welding in a thermo-couple welding machine. 
The cold reference junction thermocouple was calibrated 
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against a standard thermocouple. The standard thermocouple 
was checked with a Quartz thermometer ( -8 0 °C to + 2 50 ° C 
range, calibration accuracy of 0.04°F absolute according 
to NBS) and the ~ccuracy was found to be ±O.l6°F. As can be 
seen from Figure (29), good agreement between the observed 
values and the standard values were obtained with an accuracy 
traceable to ±0.05°F. 
This calibrated reference junction thermocouple was 
then used as a standard and compared with the other thermo-
couples used in the experiment. Boiling point and ice-
point comparisons were made with thermocouple number 7 which 
was used for recording the steam chamber temperature. Cali-
bration for the other six thermocouples were made at room 
temperature over a certain period of time. Those values 
are listed in the following tables. 
Boiling Point Ice Point 
Standard No. 7 Standard No. 7 
OF OF OF OF 
210.08 2 0 9 . 98 32.10 32.06 
210.00 209.97 32.00 32.03 
210.00 209.95 32.09 32.13 
210.03 209.96 32.00 32.09 
210.08 210.03 32.21 32.08 
210.18 210.11 32.09 32.03 
Barometric Pressure = 28 .87" of Mercury 
Table 6· Calibration of Thermocouple Number 7 with 
the Standard Thermocouple. 
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60 100 140 180 220 
Standard Thermocouple Reading (° F) 
Figure 29. Thermocouple Calibration Curve. 
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From Table 6, it is observed that between the ice-
points and th~ boiling points, the difference between the 
standard and calibrated values never exceeds 0.13. Agree-
ment seems to be much better at the boiling points than at 
the ice points. Giving an allowance of the standard thermo-
couple to be in error of 0.42, the maximum error that can 
be found in the reading of T? is 0.13 + 0.42 = 0.55°F. 
Time Interval (min) 
15 15 15 15 30 
Standard 




75.95 75.95 7 5. 8 6 7 5. 7 3 75.91 
75.91 75.95 7 5. 81 75.68 7 5. 8 2 
75.91 76.00 75.77 75.82 7 5. 91 
7 5. 8 6 76.04 75.90 7 5. 8 2 75.95 
75.95 75.95 75.86 75.82 76.00 
75.73 76.04 7 5. 91 75.77 7 5. 91 
Table 7. Calibration of Thermocouples Number 
1, 2, 3, 4, 6, and 8 with the Cold 
Reference Junction Thermocouple at 
Room Temperature. 
In Table 7, most of the deviations of the calibrated 
thermocouples from the standard thermocouple was f ound to 
be within the range of O.l0°F. The maximum deviation 
(0.27°F) was observed in the first reading of thermocouple 
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Number _8. But in subsequent readings, it showed remarkably 
close va.lues· to the CRJ thermoc-ouple. The first values were 
perhaps due to an error in reading. Again considering the 
deviation of the standard thermocouple from the absolute 
value to be 0.42°F, the maximum expected error in the reading 
of any of the thermocouples is 0.52°F. 
Any of these two values of possible errors, 0.55°F or 
0.52°F are well within the acceptable level for this study. 
Values of ~T were 6btained by subtracting the surface 
temperature from the steam temperature. Hence any error 
encountered in the recording or calculation of the tempera-
tures was eliminated. Furthermore, in the second part of 
the experiment, no values of ~T less than 2°F were obtained. 
Hence the effects of any error in the recording of tempera-
ture would not be significant. However, in the first part 
of the experiment, a ~T value was 0.7°F, Figure (26) was 
reported, where errors in temperature measurement might have 
been significant. 
Discussion of other sources of errors in thermocouple 
measurements follows. Many other investigations regarding 
dropwise condensation used the techniques of inserting 
thermocouples by drilling holes at the edge of the condensing 
test plate. This method, although simple in nature, has 
some definite sources of error as was shown by Meyrial et 
al. [58]. In the present work the thermocouple beads were ln 
direct surface contact with the mating half of the test 
piece, the ·position· of· which was accurately located by a 
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travelling microscope. Thus the error 1n locating the exact 
position of the thermocouple in a drilled hole, Reference 
[58], although small~ was avoided. 
All thermocouples in the test piece were placed 1n 
isothermal planes normal to the direction of heat flow. All 
thermocouples were made one foot long~ with 3 to 4 inches 
of that length embedded 1n the test piece housing. Six to 
seven inches of length was exposed to ambient conditions 
with the ends connected at the terminal boards. From the 
terminal boards to the measuring device, the connections 
were made by thickly insulated copper lead wires. The 
diameter of the thermocouple wires themselves was small, 
0.01", and the thickness of the teflon insulation was 3/10 
times the diameter. Most of the time, the air movements 
surrounding the experiment were almost nil. All these 
contributing factors helped to reduce the conduction through 
the thermocouples to the minimum possible. 
Since the plane of contact of the two halves of the 
test piece was normal to the isothermal surfaces, imper-
fections of the contact offered no resistance to heat 
transfer. Also, since the condensing surface was in the 
vertical plane, the plane of contact did not affect the 
descent of the condensate. 
Some fluctuations in the thermocouple readings were 
observed during the initial period~ of operation. Two 
sources of errors were detected. One was the improper 
sequence of connection at the terminal boards. The other 
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was the convective heat flow upward from the bunsen burner 
which was affecting the temperature of the terminal board 
connections. The heating zone was subsequently properly 
covered so that the surroundings were not affected and the 
proper order of connections was made at the terminal boards. 
Fluctuations of thermocouple readings were also observed 
during the heat transfer measurements when sufficient air was 
present in the cha.rnber. Continuous venting operations 
improved the readings considerably and more time was allowed 
for the system to stabilize. 
Determinati-on of Surface· T'empera·ture. Five temperatures 
along the test piece were recorded at distances of 0.343", 
0.713", 1.21111 , 1.511" and 2.232" from the condensing surface. 
As has been mentioned in Chapter VII, a best fitting poly-
nomial fitting these data points in the least square sense 
was obtained which described the temperature distribution. 
Surface temperature was obtained by finding the value at 
x = 0 in the temperature distribution function. A descrip-
tion of the method of obtaining the best fitting polynomial 
seems to be appropriate at this point. 
Let F(x) be a function defined for x = x 1 , x 2 , x 3 , 
The problem is to determine the coefficients 
of the polynomial 
m 
p (x) = r Ci Xi-l SUCh that 
l=l 
n 
I = minimum. 
i=l 
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The problem leads to a system of linear equations AC=R 
where C is the vector of the unknown coefficients, A is the 
m by m symmetric positive definite matrix with 
elements, 
n 
ajk = L 
i=l 
X· l 
j-1 k-1 X· l 
and R lS the vector with elements 
r· J 
n 
- I f(xi) 
i=l 
]. -l X· l 
In practice, the positive definite matrix A is badly 
ill-conditioned. Therefore, the straightforward method 
described above lS feasible only for polynomials of low 
degree, about 3 or 4. 
Use of Chebyshev polynomials instead of monomials 
results in a remarkable improvement of the condition of the 
normal equations, provided the arguments have a sensible 
distribution, which is the case here. The arguments are 
almost equidistant. 
The polynomial p(x) is calculated ln terms of its 
Chebyshev expansion, p(x) = b1 T 0 (t) + b 2 T 1(t) + • • + 
bn Tn-l (t), where Tk(t) is the Chebyshev polynomial of 
degree k. 
The values of the Chebyshev polynomials for the argument 
t are calculated by means of the three term recurrence 
equation. 
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Numer~cal and analytical computations of the experi-
mental data for the .surface temperature show a slight 
difference. From Appendices A and C, it can be seen that 
numerical computations predict a lower surface temperature, 
higher ~T and higher heat flux whereas the analytical calcu-
lations predict a higher surface temperature, lower ~T and 
lower heat flux. Hence the overall effect as far as the 
heat flux - ~T relationship is concerned remains unchanged. 
Heat Loss f~om the Test Piece Housing. It was assumed 
ln the formulation of this problem that the heat transfer 
across the test piece was unidirectional from the steam side 
to the coolant side. But in fact there was some heat loss 
in the radial direction from the test piece through the 
packing of silicon-rubber and resin and the brass housing, 
Figure (17). An attempt will be made here to determine the 
approximate radial heat loss from the test piece to the 
surroundings. 
Since the cross-sectional area of the test piece 
increases from l 3/4" square at the steam side to 2" square 
at the coolant side, for the purpose of calculation, let a 
circular cross area be chosen which will just fit the l 3/4" 
square. The radius of such a circle is found to be 1.24". 
Brass (k 2 = 60 Btu/hr-ft 0 R) 
Insulating material 
(k 1 = 0.070 Btu/hr-ft 0 R) 
.Length of the housing--2" 
1 3/4" square test piece 
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Radial heat transfer through this annular area lS given 
by the expression 
ln (r21 rl) Q = (T. To) I [2 l TI k 1 t 
ln (r3/ r 2) 
+ ] 
2 7T k2 t 
where Q = Heat transfer I unit time 
Ti = Temperature on the surface of the 
test piece (2l0°F assumed) 
Temperature around the brass housing, 
ambient (68°F assumed) 
r 1 = 1.24" 
( 19) 
r 2 = Inner radius of the brass housing, 1.812" 
r 3 = Outer radius of the brass housing, 2" 
k 1 , k 2 = Thermal conductivity of the insulating 
material and brass, respectively. 
From the above expression Q is found to be 27.40 Btu/hr. 
This is the maximum radial heat loss that can be expected in 
this work since at no time the outside surface temperature 
of the test piece was more than 2l0°F. Actually, most of 
the time the temperature was much lower than that because of 
the cooling effect from the coolant side. On the average, 
radial heat loss was perhaps limited with 20 Btu/hr which 
is certainly not a significant loss to affect the data in 
the present study. 
It should be noted that there was also some heat loss 
throu~h th~ silicori rubber and plastic insulation along the 
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longitudinal direction from the steam side to the coolant 
side. However, for convenience, it was assumed here that all 
the heat loss through the insulation was in the radial direc-
tion. 
Pressure Measurements. Two pressure measurements were 
made for each set of data. Steam cha.mber pressure was 
recorded by a mercury manometer and the constant volume 
container, Figure (18), was recorded by a thermocouple vacuum 
guage. Absolute pressure of the chamber was calculated by 
subtracting the barom~ter reading from the manometer reading. 
Barometer readings were checked frequently from the information 
supplied by the local weather bureau and necessary corrections 
were made. 
No calibration was made for the thermocouple vacuum 
guage but it was reported to have an accurate range from 20 
to 1,200 microns according to the manufacturer (NRC, model 
8 0 4A) . 
E. Transformation of Coordinates, Reference Page 36, 
Chapter IV 
The cartesian coordinates (u, v, w) are to be transformed 
into polar coordinates (V, e, ¢), Figure (30). 
tary volume dudvdw is transformed to, 
dudvdw = V2 sin8d8d¢ 
The elemen-
Other transformations, as seen from Figure (30) are given 
by, 
u 
du dv dw = V2sin8 d+ dB 
u2+ v2+w2= v2 
u = V cos9 
w = VsinB 




u = v cos 8 
v = V sin 8 
Net number of diffused A molecules crossing unit area 
in time dt, in cartesian coordinates, is given by (from 
Page 36), 
N dt foo Joo soo _
00 
-oo -oo [c0 - L cos 8 (dc/dx) 0 ] 
/Vm 2 ] du dv dw (20) 
A 
The above may be written ln polar coordinates as, 
N dt 
sln 8 cos 8 d8 (21) 
Since the transformation is being done ln the velocity 
space, the factor (dc/dx) 0 remains unaffected. Integration 
with respect to ¢ gives the factor 2n. Multiplication and 
the neglect of small terms of higher terms than the first 
one yields, 
2 N dt 
v 3 liT 
rnA 
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Integration with respect to e yields, 
4 N dt 
( 2 3) 
noting that, 
TI s: sine cos 8 d8 = -l/4 cos 28 10 = 0 
and 
sin e cos 2 e d8 = -l/4 [l/3 cos 38 I
TI 
TI o 
+ cos e j J = 2/3 
0 
